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Study on Transient Phenomenon of Magnetic Tunnel Junction with Perpendicular Anisotropy and Array 
Design for High Density and High Speed Operation STT-MRAM 
 
Abstract:  
Spin-Transfer Torque Magnetoresistive Random Access Memory (STT-MRAM) is expected to be a 
next-generation working memory for solving the power consumption problem caused by capacity 
increase of a semiconductor integrated circuit. In the future, it is possible that STT-MRAM break down 
the limit of speed and density of a memory. On the other hand, array design guidelines for realizing high 
density and high speed operation STT-MRAM has not been fully elucidated, since the physical 
phenomenon such as switching transient characteristic of magnetic tunnel junction with perpendicular 
anisotropy (p-MTJ), which is a memory element of STT-MRAM, are still unclear. Therefore, elucidations 
of this phenomenon are challenges toward practical application of STT-MRAM. In this research, we 
investigated various phenomenon related to the switching transient characteristic of p-MTJ by 
Landau-Lifshitz-Gilbert (LLG) micro magnetic simulation from the view point of the magnetization 
reversal characteristics of p-MTJ element. Moreover, based on the knowledge obtained from the results, 
the array design guideline of 10 nm generation p-MTJ is shown. 
Chapter 1 is an introduction, which describes the positioning of ICT equipment in modern information 
society and the semiconductor memory technology, and shows the position of STT-MRAM among 
semiconductor memory technology. We confirmed that in order to improve the performance of computer 
systems, suppression of power consumption and introduction of nonvolatile working memory are 
indispensable. In addition, we described the principle and current state of the p-MTJ element which is the 
basic element of the STT-MRAM, and argued that clarification of the switching transient characteristics is 
important. 
In chapter 2, we investigated the switching transient characteristics of p-MTJ elements with defects, 
which cause pinning of domain wall motion. In the p-MTJ composed of the CoFeB/MgO layer, the 
boundary size at which domain walls are generated is 30 nm to 40 nm. In this study, I investigated the 
write current, defect size, and switching current dependences of the domain wall pinning phenomenon in 
the 60 x 20 nm elliptical p-MTJ. In the case of the defect size is 5 nm and the switching write current is 
I = 80 μA, it was observed that the magnetization reversal is prevented by the magnetic domain wall 
pinning phenomenon at the defect. In order to clarify the cause of this phenomena, the torque actually 
applied to the magnetization in p-MTJ is calculated. As a result, it is shown for the first time that the 
torque due to the exchange coupling magnetic field and the torque due to the demagnetizing field work in 
the direction to prevent the spin transfer torque. It is concluded that these torques are strongly relevant to 
the domain wall pinning phenomenon at the defect. 
In chapter 3, we modeled inter-cell interference phenomena in high density of p-MTJ array, and clarified 
the physical mechanism of switching delay and disturbance, which are caused by interference 
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phenomenon, by LLG micro magnetic simulation. The inter-cell interference phenomenon that occurs 
between program cells and unselected cells cause switching delays to program cells and disturbance to 
unselected cells due to oscillating stray magnetic fields, which is induced by the precession of 
magnetization during switching process. From magnetic dipole approximation the strength of stray field 
is inversely proportional to cube of inter-cell distance S. Therefore, inter-cell interference phenomenon 
becomes a more serious problem in the high density cell array. In this study, it is confirmed by 
magnetization dynamics analysis using LLG micro-magnetic simulation that the phase of magnetization 
and the stray magnetic field between both program and unselected cells are important physical factors. 
Using these results, we analyzed dynamics of magnetization numerically by LLG equation. It was 
revealed for the first time that the modulation effect occurs to balance damping and STT pumping, and 
the modulation effect prevents the magnetization reversal and causes the switching delay. Utilizing the 
increase effect of STT, the switching delay can be suppressed by increasing the write current by about 
20%. These results systematically clarify the inter-cell interference phenomenon, which is a problem in 
the future high density p-MTJ array, and show the important countermeasure policy. 
In chapter 4, to suppress the inter-cell interference phenomenon and switching delay associated with the 
phenomenon described in Chapter 3, we investigated the dependences of the delay time on the distance 
between arrays and the switching current density by LLG micro-magnetic simulation, and p-MTJ array 
design was shown from the simulation results. In programing cell in high density p-MTJ array, switching 
delay is induced by interference phenomenon. It is found that switching delay in p-MTJs increases not 
only with a decrease in array space S, but also with a decrease in programing current density J. Moreover, 
critical switching current density Jc0 of p-MTJs in p-MTJ arrays increases with decrease of array space 
when the array space is less than 15 nm. Finally, we show the balance sheet between J and S in case of 
10 nm p-MTJ, while keeping Tdelay 3 ns, which corresponds to 10% of the access time of DRAM cell. It is 
shown that especially in the case of the p-MTJ switched with J of about 10 MA/cm
2
, it's necessary to set 
S to wider than 15 nm, which this MRAM cell size is 6.25 F
2
. In addition, the correlation between the 
saturation magnetization Ms and the anisotropy coefficient Ku is shown for clarifying the main magnetic 
parameter dependence of p-MTJ in the inter-cell interference phenomenon. The disturbance due to 
interference phenomenon was suppressed by suppression of Ms and increased Ku, and quantitatively 
analyzed from the disturbance strength showed that it has a proportional relation to Ms
2
/2Ku. 
Chapter 5 summarizes the results obtained in this research. 
From the above, this paper describes the p-MTJ array design basis, and the inter-cell interference 
phenomenon regarding to the switching transient characteristic of p-MTJ element has been clarified he 10 
nm generation array design guidelines for achieving higher densification and higher speed operation of 
STT-MRAM as the next-generation energy-saving working memory. 
3 
Table of Contents 
Abstract: ............................................................................................................................................ 1 
Table of Contents .................................................................................................................................. 3 
List of Figure ........................................................................................................................................ 5 
Chapter 1 Introduction ....................................................................................................................... 9 
1.1. Semiconductor Large Scale Integration for Next Generation Advanced Information 
Society .................................................................................................................................. 9 
1.2. Hierarchical Structure of Semiconductor Memory and Issues ............................................ 11 
1.3. Spin-Transfer Torque Magnetic Random Access Memory (STT-MRAM) ......................... 15 
1.4. Principle of Magnetic Tunnel Junction with Perpendicular Anisotropy ............................. 17 
1.5. Objective of This Thesis ..................................................................................................... 21 
1.6. Thesis Overview ................................................................................................................. 21 
References for Chapter 1 ................................................................................................................ 22 
Chapter 2 Switching Transient Characteristics with Domain Wall Motion During Magnetization 
Reversal Process in Perpendicular MTJ .............................................................................................. 27 
2.1. Introduction ......................................................................................................................... 27 
2.2. LLG Micromagnetic Simulation Method............................................................................ 27 
2.3. Spin Dynamics in Magnetization Reversal ......................................................................... 31 
2.4. Switching Characteristics in Stand-alone p-MTJ ................................................................ 33 
2.5. Transient Switching Characteristics in p-MTJ with Domain Wall Pinning Notch .............. 36 
2.5.1. p-MTJ with Domain Wall Pinning Notch ................................................................... 36 
2.5.2. Simulation Condition .................................................................................................. 37 
2.5.3. Results and Discussion................................................................................................ 37 
2.6. Conclusions ......................................................................................................................... 49 
Reference for Chapter 2 .................................................................................................................. 49 
Chapter 3 Modeling of Inter-cell Interference in p-MTJ Array ....................................................... 51 
3.1. Introduction ......................................................................................................................... 51 
3.2. Model of Interference Phenomenon .................................................................................... 51 
3.3. Results and Discussions ...................................................................................................... 54 
3.3.1. Interference Effects in Program Cell ........................................................................... 54 
3.3.2. Mechanism of Interference Effect ............................................................................... 58 
3.3.3. Phase map of Interference Effect ................................................................................ 62 
3.4. Conclusions ......................................................................................................................... 70 
References for Chapter 3 ................................................................................................................ 70 
Chapter 4 Design of p-MTJ Array for High Speed and Low Power Operation............................... 74 
4 
4.1. Introduction ......................................................................................................................... 74 
4.2. Simulation Method .............................................................................................................. 74 
4.3. Results and Discussion ....................................................................................................... 76 
4.3.1. Deference of Switching Characteristics between Stand-alone Type p-MTJ and 
Programing Cell in Array ............................................................................................ 76 
4.3.2. Array Space Dependency on Switching Delay ........................................................... 82 
4.4. Proposal Model of Switching Delay Due to Interference Phenomenon ............................. 84 
4.5. Proposal Cell Array Deign with High Speed Operation ..................................................... 87 
4.6. Magnetic Parameter Dependence of Interference Phenomenon ......................................... 90 
4.6.1. Simulation Method ...................................................................................................... 90 
4.6.2. Magnetic Parameter Dependence on Disturb Strength ............................................... 92 
4.6.3. Magnetic Parameter Dependence on Switching Delay ............................................... 97 
4.6.4. Array Design Guideline for p-MTJ Array Scalability ................................................. 99 
4.7. Conclusion ........................................................................................................................ 103 
References for Chapter 4 .............................................................................................................. 103 
Chapter 5 Conclusions ................................................................................................................... 105 
ACKNOWLEDGEMENTS ...................................................................................................................... 107 
List of Publications ........................................................................................................................... 108 
Journals ......................................................................................................................................... 108 
International Conferences ............................................................................................................. 108 
 
  
5 
List of Figure 
Figure 1.1 ICT equipment with semiconductor device for the next generation advanced information 
society. ............................................................................................................................................... 10 
Figure 1.2 Prediction of future data traffic transition for 2020 [1]. ............................................................ 11 
Figure 1.3 The total size of logic and memory [13]. .................................................................................. 13 
Figure 1.4 The hierarchical structure of semiconductor memory. .............................................................. 13 
Figure 1.5 The amount of power consumption of memory for each year [13] ........................................... 14 
Figure 1.6 Schematic of operation mechanism of each generation of MRAM .......................................... 16 
Figure 1.7 Schematic of memory hierarchy for future with STT-MRAM [4] ............................................ 17 
Figure 1.8 Schematic views of (a) MTJ structure and (b) hysterisis characteristics ................................... 18 
Figure 1.9 Schematic of stacked structure of Co/Pt multilayer based synthetic ferromagnetic (SyF) 
reference layer [43]. ........................................................................................................................... 20 
Figure 2.1 schematic of magnetization dynamics in magnetization reversal process. ................................ 32 
Figure 2.2 Simulation results of magnetization configuration for P to AP STT magnetization a process of 
a free layer in p-MTJs when Aij = 19 pJ = m. The diameters of the p-MTJ are (a) 20, (b) 40, and (c) 
70 nm [13]. ......................................................................................................................................... 34 
Figure 2.3 Simulation results of time evolutions of normalized magnetization for STT magnetization 
reversal when overdrive I = Ic0 − 1 = 0.5 [13]. ................................................................................... 35 
Figure 2.4  The calculated effective field Heff obtained by the fitted results and domain wall width when 
Aij = 1.9 μerg/cm [13]. ....................................................................................................................... 35 
Figure 2.5 Schematic of 60×20 nm p-MTJs with domain wall pinning notch. .......................................... 36 
Figure 2.6 Switching transient characteristics of elliptic p-MTJ without pinning structure when I = 80 μA.
 ........................................................................................................................................................... 40 
Figure 2.7 Switching transient characteristics of elliptic p-MTJ with pinning notch (d = 5) when I = 80 μA.
 ........................................................................................................................................................... 40 
Figure 2.8 Switching transient characteristics of elliptic p-MTJ with pinning notch (d = 3) when I = 80 μA.
 ........................................................................................................................................................... 41 
Figure 2.9 Switching transient characteristics of elliptic p-MTJ with pinning notch (d = 5) when I = 95 μA.
 ........................................................................................................................................................... 41 
Figure 2.10 Model of the switching transient characteristic in p-MTJ with nano-defect. .......................... 42 
Figure 2.11 Time evolutional magnetic energy of elliptic p-MTJ with pinning notch (d = 5 nm) when I = 
80 μA. ................................................................................................................................................ 42 
Figure 2.12 Time evolutional magnetic energy of elliptic p-MTJ with pinning notch (d = 3 nm) when I = 
80 μA. ................................................................................................................................................ 43 
Figure 2.13 Total torque in z axis map in p-MTJ with pinning notch (d = 5 nm)....................................... 43 
6 
Figure 2.14 Spin transfer torque in z axis map in p-MTJ with pinning notch (d = 5 nm). ......................... 44 
Figure 2.15 Anisotropy field torque in z axis map in p-MTJ with pinning notch (d = 5 nm). .................... 44 
Figure 2.16 Demagnetization field torque in z axis map in p-MTJ with pinning notch (d = 5 nm). .......... 45 
Figure 2.17 Exchange coupling field torque in z axis map in p-MTJ with pinning notch (d = 5 nm). ....... 45 
Figure 2.18 (a) Spin transfer torque and (b) total torque distribution map in center of y axis in p-MTJ with 
pinning notch (d = 5 nm) when t = 13.0 ns, 13.50 ns, 13.75 ns, 14.0 ns, 14.25 ns, 14.50 ns, 14.75 ns, 
15.00 ns, respectively. ........................................................................................................................ 46 
Figure 2.19 (a) Spin transfer torque and (b) Total total torque distribution map in the center of y- axis in 
p-MTJ with a pinning notch (d = 3 nm) when t = 14.0 ns, 14.5 ns, 15.0 ns, 15.5 ns, 16.0 ns, 16.5 ns, 
17.0 ns, 17.5 ns, 18.0 ns, respectively. ............................................................................................... 47 
Figure 2.20 (a) Spin transfer torque with I = 95 μA and (b) total torque distribution map in the center of 
y-axis in p-MTJ with pinning notch (d = 5 nm) when t = 7.50 ns, 7.75 ns, 8.00 ns, 8.25 ns, 8.50 ns, 
8.75 ns, 9.00 ns, 9.25 ns, 9.50 ns, 9.75 ns, 10.00 ns, 10.25 ns respectively. ...................................... 48 
Figure 3.1 Schematic of Interference phenomenon between program cell and unselected cell. ............... 53 
Figure 3.2 (a) Schematic of simulated p-MTJ structure for all calculation. (b) distance map of 
magnetization mz of free layer in p-MTJ array. The color bar indicates magnetization direction. ..... 54 
Figure 3.3 Time-evolution curves of magnetization when parallel to anti-parallel magnetization reversal 
process (a) program cell (i), (b) neighbor unselected cell (ii) and (c) unselected cell (iii). ................ 56 
Figure 3.4 Time-evolution curves of magnetization when anti-parallel to parallel magnetization reversal 
process with switching current density J = 15 MA/cm
2
 (a) program cell (i), (b) neighbor unselected 
cell (ii) and (c) unselected cell (iii). ................................................................................................... 57 
Figure 3.5 Time-evolution curves of magnetization when anti-parallel to parallel magnetization reversal 
process in program cell with switching current density J = 10 MA/cm
2
. ........................................... 58 
Figure 3.6 Power spectrum of the precession motion (a) in the cell (i) during T int, (b) in the cell (i) during 
Ttr (c) in the cell(ii) during Tint (d) in the cell (ii) during Tre. ............................................................. 60 
Figure 3.7 Effective field distribution in z-axis in p-MTJ array when (a) initial state and (b) interaction 
state (t = 5 ns). .................................................................................................................................... 60 
Figure 3.8 Disturb strength in unselected cell as a function of  distance from the program cell. ............. 61 
Figure 3.9 Relationship between distance and current induced magnetic field when switching current 
density J = 15MA/cm
2
. ....................................................................................................................... 62 
Figure 3.10 Schematic of the definition of magnetization angle θp, θu, magnetization phase φp, and φu in 
program cell and unselected cell, respectively. .................................................................................. 64 
Figure 3.11 Time evolution curves of magnetization when J = 11 MA/cm
2
: (a) program cell (i) and (b) 
neighbor unselected cell (ii). .............................................................................................................. 65 
Figure 3.12 Time evolution curves of the angle of magnetization to z-axis of the programing cell θp and 
un-selected cell θu (a) when J = 11 MA/cm
2
 and (b) J = 18 MA/cm
2
. ............................................... 66 
7 
Figure 3.13 Time evolution curves of the difference of phases dφ between magnetization in programing 
cell φp and stray field from un-selected cell to programing cell -φu (a) when J = 11 MA/cm
2
 and (b) J 
= 18 MA/cm
2
. ..................................................................................................................................... 67 
Figure 3.14 Magnetization phase dependence on dmz/dt in programing cell during interference period (a) 
when J = 11 MA/cm
2
 and (b) J = 18 MA/cm
2. Dots indicate φp and -φu for each time during 
interference period. ............................................................................................................................ 68 
Figure 3.15 Magnetization phase dependence on dmz/dt in the unselected cell during interference period 
(a) when J = 11 MA/cm
2
 and (b) J = 18 MA/cm
2. Dots indicate φp and -φu for each time during 
interference period. ............................................................................................................................ 69 
Figure 4.1 (a) Schematic of the simulated p-MTJ pillar structure which consists of CoFeB/MgO based 
synthetic antiferromagnetic reference layer. (b) distance map. .......................................................... 76 
Figure 4.2 (a) Time-evolution curves of magnetization mz of the free layer in stand-alone p-MTJ as a 
function of switching current density. (b) Switching characteristics of stand-alone p-MTJ. ............. 78 
Figure 4.3 Time-evolution curves of magnetization mz of the free layer of program cell in p-MTJ array 
when J = 11 MA/cm
2
 and array space S = 10 nm. The black line indicates that in stand-alone case. 79 
Figure 4.4 Time-evolution curves of magnetization (a) mz, (b) mx of the free layer of unselected cell (ii) 
in p-MTJ array as a function of switching current density. ................................................................ 80 
Figure 4.5 Time-evolution curves of magnetization (a) mz, (b) mx of the free layer of unselected cell (ii) in 
p-MTJ array as a function of switching current density. .................................................................... 81 
Figure 4.6 Current density dependency on disturb strength. ...................................................................... 82 
Figure 4.7 Time-evolution curves of magnetization mz of the free layer of program cell in p-MTJ array as 
a function of array space S. ................................................................................................................ 83 
Figure 4.8 Critical switching current density dependency on array space S. ............................................. 84 
Figure 4.9 Model of switching delay in p-MTJ array with interference phenomena due to oscillatory stray 
field from unselected cells. ................................................................................................................ 86 
Figure 4.10 Switching current density dependency on switching time 1/T0............................................... 87 
Figure 4.11 Array space dependency on switching delay Tdelay due to interference effect. ..................... 88 
Figure 4.12 Design balance cheet between array space and switching current density for suppressing 
switching delay. .................................................................................................................................. 89 
Figure 4.13 Schematic of STT-MRAM array with p-MTJ and vertical BC-MOSFET hybrid cell [11]. .... 89 
Figure 4.14 Schematic of STT-MRAM array with p-MTJ and conventional planer MOSFET hybrid cell 
[12]. .................................................................................................................................................... 90 
Figure 4.15 Thermal stability factor dependence on critical switching current density as a function of 
saturation magnetization. ................................................................................................................... 92 
Figure 4.16 Anisotropy coefficient Ku dependence on disturb strength in unselected cell as a function of 
Ms. ...................................................................................................................................................... 94 
8 
Figure 4.17 Plot of function of magnetic field ratio f (x) = Hstray/Hk,eff . .................................................... 95 
Figure 4.18 Fitting of disturb strength by using fitting function f(x). ........................................................ 95 
Figure 4.19 Exchange stiffness Aij dependence on disturb strength in unselected cells when J=15 MA/cm
2
.
 ........................................................................................................................................................... 96 
Figure 4.20 Damping factor α dependence on switching critical current density in stand-alone p-MTJ cell.
 ........................................................................................................................................................... 96 
Figure 4.21 Damping factor α dependence on disturb strength in unselected cell when J = 1.5Jc0. ........... 97 
Figure 4.22 Magnetic parameter dependence on switching delay when J = 1.3 Jc0. ................................... 98 
Figure 4.23 Magnetic parameter dependence on switching delay when J = 1.5 Jc0. ................................... 99 
Figure 4.24 Stray field from 1 cell in 4F
2
 p-MTJ array cell in each p-MTJ generation ........................... 101 
Figure 4.25 Approximately calculated the disturb strength in 4F
2
 p-MTJ array cell ................................ 101 
Figure 4.26 Approximately calculated the disturb strength in 4F
2
 p-MTJ array cell in each saturation 
magnetization Ms. ............................................................................................................................ 102 
  
9 
Chapter 1  
Introduction 
In this chapter, a role of ICT equipment in modern information society and the 
semiconductor memory technology making up ICT equipment was described, and 
showed the position of STT-MRAM among them. In order to improve the performance 
of computer systems, a suppression of power consumption and introduction of 
nonvolatile working memory are indispensable. In addition, we described the principle 
and the current state of the p-MTJ element which is the basic element of the 
STT-MRAM, and argued that clarification of the switching transient characteristics is 
indispensable. 
 
1.1. Semiconductor Large Scale Integration for Next 
Generation Advanced Information Society 
Semiconductor Large scale integration (LSI) is a key device indispensable for 
realizing the next generation advanced information society by combining hardware and 
software technologies as shown in Fig. 1.1. 
After ubiquitous computing, which is a concept in software engineering and 
computer science that computing is made to appear anytime and everywhere, next 
generation advanced information society established on state-of-the-art technologies 
such as Internet of things (IoT) is about to come. An IoT technology utilizes the network 
of physical devices, vehicles, home appliances, and other items embedded with 
electronics, software, and network connectivity which enable these objects to connect 
and exchange data each other. Thus, the information society is still being developed by 
the rapid spread of information and communication technology (ICT) equipment to the 
world. Thanks to the development and dissemination of ICT equipment, the amount of 
information traffic worldwide is steadily increasing. The amount of digital data 
generated per year in the world will reach 40 zettabytes in 2020, and it is expected to 
further increase as shown in Fig. 1.2. Recently, the exponential amounts of data 
generated in today’s interconnected world are referred as big data [1]. In the future, 
research and development in the field of artificial intelligence (AI) will be also 
developed, and it is predicted that the volume of processing information data will 
continue to increase. 
10 
For large volume of information data processing in the future, edge computing, 
which processes data at the edge of the network near the source of the data, are 
becoming more important technology. Therefore, it is essential to improve the 
performance of ICT equipment itself. In other words, it is necessary to improve the 
performance of semiconductor integrated circuits which determines the performance of 
ICT equipment. 
 
 
 
 
 
 
Figure 1.1 ICT equipment with semiconductor device for the next generation advanced 
information society. 
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Figure 1.2 Prediction of future data traffic transition for 2020 [1]. 
 
 
1.2. Hierarchical Structure of Semiconductor Memory and 
Issues 
In this section, semiconductor memory hierarchical structure of a main position 
in areas of storage, working memories, and logic blocks which is an important position 
among semiconductor integrated circuits and its issues is described. Figure 1.3 The total 
size of logic and memory of semiconductor memories. It consists of, from top to bottom, 
a processing core, cache memory by static random access memory (SRAM), main 
memory by dynamic random access memory (DRAM), and storage memory by 
solid-state disk (SSD), or hard disk drive (HDD). Located closer to the processing core, 
the faster the operating speed is required. Also closer to the storage, larger density is 
required. In recent years, in many ICT equipment, semiconductor LSIs using 
NAND-flash technology are employed instead of HDD because its higher operation 
speed and lower power consumption. 
In the memory hierarchy which is shown in Fig. 1.4, cache memory and main 
memory are called working memories that are closer to the core. SRAM and DRAM 
have been adopted to the working memory. It requires the low power operation, high 
speed read/write operation, high density memory array, and tough endurance [2]-[4]. 
There are three serious problems in recent semiconductor memory LSIs. (1) 
Speed gap between different levels of the memory, which is caused by the DRAM 
becoming a bottleneck for speed performance improvement. The bottleneck of speed 
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performance of DRAM is because the DRAM have latency of several clocks in 
operation principle [5], [6]. On the other hand, the core processor and cache operate 
with the frequency of 3 GHz or more [7]–[10]. Also, there are essential speed gap 
between main memory and storage, NAND flash operate with μs∼ms for write/erase 
[11], [12]. (2) Rapid increase in the dynamic power consumption due to the increased 
density, the number of memory cells which must be refreshed simultaneously has 
reached the maximum limit from the viewpoint of the refresh current as for DRAM. 
This issue brings about not only large power dissipation but has also become the 
obstruction of miniaturization. (3) Rapid increase in the static power consumption due 
to the increase leakage current with scaling of device size [13]. Along with the 
miniaturization of transistors, the dynamic power consumed during operation and the 
leakage power during standby consumed due to leakage current increase exponentially 
with the miniaturization of the gate length. 
The leakage current generated in the conventional CMOS integrated circuit 
technology can be suppressed by turning off the standby power of the computer system. 
A technique for suppressing the leakage current by shutting off the power supply of the 
arithmetic circuit cell clock gated is called power gating technique. However, in 
working memories such as DRAM and SRAM adopted in conventional computers, once 
the power is turned off, data cannot be held, so once power is turned on if you turn it off, 
you cannot restart from its original state.  
A memory that loses data when the power is turned off like this is called volatile 
memory. On the other hand, a memory in which data is retained even when the power is 
turned off is called nonvolatile memory. By introducing the nonvolatile memory, since 
the data in the working memory can be held even if the power gating is performed, the 
original state can be restored at the time of restart even if the power is turned off in the 
standby state. Figure 1.5 shows the power consumption of a conventional computer 
system and the power consumption of a computer system that introduced the 
nonvolatile integrated circuit technology that is expected in the future [14]. Ultimately, a 
computer system with zero standby power is expected by turning off the power supply 
when standby power in the present standby state is not performing information 
processing due to the introduction of a nonvolatile integrated circuit. From this point of 
view, it is required to suppress power consumption in the entire IT equipment by 
suppressing processing power such as dynamic power during operation. 
13 
 
Figure 1.3 The total size of logic and memory [13]. 
 
 
 
Figure 1.4 The hierarchical structure of semiconductor memory. 
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Figure 1.5 The amount of power consumption of memory for each year [13].  
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1.3. Spin-Transfer Torque Magnetic Random Access 
Memory (STT-MRAM) 
At first, a memory expected to be applied to a nonvolatile working memory is 
described. Representative examples of nonvolatile working memory include 
Spin-Transfer Torque Magnetic Random Access Memory (STT-MRAM) using 
spintronics technology and GMR effect as its operating principles. Resistance RAM 
(ReRAM) [15]-[23], Phase Change RAM (PRAM) utilizing phase change recording 
technology has been extensively studied [25]-[28]. As performance indices required for 
nonvolatile integrated circuits, there are two types of performance indices: a small cell 
factor for realizing high integration, a low write power (current) operation for low 
power consumption, and a cell write time, and writing tolerance for preventing failure 
due to writing of data. Therefore, STT-MRAM shows the performance expected to be 
most applied to working memory and further computer systems recently [29]-[37]. 
First generation MRAM adopted the current-induced magnetic fields data write 
scheme [38], [39]. However, this scheme has two serious problems. First, write current 
increases inversely-proportional to the device feature size [40]. This problem indicates 
that device scaling is prevented by an increase in write current. Second, the cell array 
size is increased because the wiring layer of the write current is required. Therefore, 
current-induced magnetic fields write scheme cannot suppress write power consumption 
and cell array size. In order to solve these problems, second generation MRAM adopted 
spin-transfer-torque (STT) operation principle [41] that utilizes spin-transfer 
torque (STT) of spin-polarized current that induces magnetization switching. Figure 1.6 
shows the schematic of operation mechanism of each generation of MRAM. 
STT-MRAM overcame the bottleneck of scaling of the first generation MRAM. 
Remaining challenges to further scaling of STT-MRAM are reducing switching current, 
stable data retention, low resistance and wider operational margin (increasing MR ratio). 
Since there are tradeoffs among these issues, clever arbitration will also be required. 
STT-MRAM will then become the most promising candidate of nonvolatile working 
memory owing to the MTJ's native virtues of low-voltage, high-speed, and practically 
infinite endurance.  
Recent study reported that the STT-MRAM has a write time of 10 ns or less, it 
can cover the area from the main memory to the L2 cache at the access speed, and from 
the feasibility of the cell size of 4 to 8 F2, it is necessary to use a large gigabit- It has the 
feasibility of working memory, the number of times of write tolerance is 10
15
 times or 
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more and the retention time of data is over 10 years, it has the feature that it can be used 
for a long time. Therefore, as shown in Figure 1.7 [42], it corresponds to the area of the 
main memory from the L2 cache. Furthermore, if higher performance (higher speed) of 
the STT-MRAM can be realized, replacing the arithmetic section with spin logic and the 
storage section with spin memory makes it possible to make the entire computer system 
nonvolatile. 
 
 
Figure 1.6 Schematic of operation mechanism of each generation of MRAM. 
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Figure 1.7 Schematic of memory hierarchy for future with STT-MRAM [4]. 
 
 
1.4. Principle of Magnetic Tunnel Junction with 
Perpendicular Anisotropy 
Figure 1.8 shows schematic views of (a) MTJ structure and (b) electronic 
characteristics. As shown in Fig. 1.8(a), MTJ has a multi-layer stacked structure with a 
thin tunnel barrier film composed, sandwiched by two ferromagnetic layers. The upper 
ferromagnetic layer in Fig. 1.8(a) is the free layer, in which the magnetization direction 
can be flipped upward or downward. On the other hand, the lower layer is the reference 
layer, in which the magnetization direction is fixed. The resistance of the p-MTJ has 
different values depending on whether the magnetization direction of the free layer is 
parallel or antiparallel to the magnetization direction of the reference layer. Here, it is 
defined that RP is the resistance for the parallel (P) state, and RAP is that for the 
anti-parallel (AP) state. RAP is usually larger than RP as shown in Fig. 1.8(b). This 
phenomenon is so-called tunnel-magneto-resistance (TMR) effect [43]. 
 
Speed
Capacity
High Power
Low Power
Core
Storage
(HDD, NAND)
Speed Gap
Storage
(HDD, 3D-NAND)
Storage
(HDD, 3D-NAND)
Core
Cache Memory
(SRAM)
Higher speed operation 
while achieving low power 
consumption
Current Near Future Future
MTJ/CMOS
Hybrid NV 
Logic
Cache Memory
(SRAM)
Main 
Memory 
(DRAM)
18 
 
Figure 1.8 Schematic views of (a) MTJ structure and (b) hysteresis characteristics [43]. 
 
 
The magnitude of the TMR effect can be usually measured by the MR ratio, 
which is defined as MR = (RAP−RP)/RP. The TMR ratio becomes larger with an increase 
in the difference between RP and RAP. Hence, for an MTJ with a large MR ratio, it is 
easy for the sensing circuit to distinguish which resistance state of the p-MTJ. This is an 
advantage of the STT-MRAM operation. The MR ratio is often used as an index 
indicating the operational margin of STT-MRAM. In the past, typical MR ratio was less 
than several percent nearly about 10%. After the magnesium oxide MgO/CoFe(B) 
system was discovered, large MR ratio of more than 100% was able to be obtained 
[44]-[48]. 
There is another important index for data retention, thermal-stability factor Δ, 
which indicates the stability of data retention. Δ is defined as E/kBT, where E is the 
energy barrier between P-state and AP-state, kB is Boltzmann constant, and T is Kelvin 
temperature of p-MTJ. After interfacial perpendicular anisotropy between the 
ferromagnetic electrodes CoFeB and the tunnel barrier MgO of MTJ was demonstrated, 
p-MTJ is progressed more miniaturization, higher performance, and higher reliability. 
The MTJ's data retention is more stable with larger Δ. For example, it had been 
reported that the Δ of more than 67 was required to guarantee the nonvolatility of 
32 Mbit STT-MRAM [49]. Further improvement of thermal-stability factor Δ is strongly 
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required for achieving Mbit class high density memory LSI. To solve this issue, it was 
found that forming the double MgO structure, in which the CoFeB/Ta/CoFeB recording 
layer is sandwiched by two tunnel barrier MgO films, can increase the recording layer 
thickness by almost a factor of two [50]. This is because Δ is proportional to the 
thickness of the CoFeB recording layer [51].  
The stray magnetic field from the reference layer causes the asymmetry of Δ for 
P-state and AP-state, resulting in degradation of total thermal stability of MTJ. To solve 
this problem, a Co/Pt multilayer based synthetic ferromagnetic (SyF) reference layer 
was developed as shown in Fig. 1.9 [51]. By applying an Co/Pt multilayer based SyF 
reference layer, the shift of the resistance-magnetic field curve was suppressed, thus the 
higher thermal stability of antiparallel magnetization configuration was obtained 
compared to that without a SyF structure. Moreover, the MR ratio of 120% at 8 Ωμm2 in 
the 10-nm-diameter p-MTJ with this stack structure using 300 mm Si wafer sputtering 
system showed almost no degradation after annealing at 400 °C [52]-[53], which 
indicates its high-temperature tolerance. The developed MTJ has a good affinity, with a 
capability to withstand the thermal budget of typical back-end-of-line (BEOL) process. 
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Figure 1.9 Schematic of stacked structure of Co/Pt multilayer based synthetic 
ferromagnetic (SyF) reference layer [50]. 
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1.5. Objective of This Thesis 
In order to overcome the limit of integration of the working memory and further 
increase the speed, it is essential to eliminate the speed gap between the memories and 
to reduce the operation/standby power consumption, and to solve the problem. 
Therefore, STT-MRAM is being expected to be introduced to memory systems to meet 
the above technical demands. 
In order to realize higher performance STT-MRAM, this research is devoted to 
show the guideline to enable high-speed operation p-MTJ. Principal motivations of this 
thesis are as follows: 
1. Clarify the switching transient characteristics of p-MTJ element which is a 
storage element of STT-MRAM and clarify the physical mechanism which determines 
them by micromagnetic simulation.  
2. Clarify the phenomenon that occurs when 1x nm fine elements expected to be 
expected and high density are realized and show design guidelines for realizing high 
speed operation and high density. 
By showing the above, this thesis indicates that STT-MRAM with cross point 
type cell which can operate at high density and high speed operation beyond the limit of 
the conventional working memory can be realized. 
 
1.6. Thesis Overview 
This thesis consists of all 5 chapters. In chapter 1, the position of STT-MRAM 
and the principle of p-MTJ are overviewed. In chapter 2, switching transient 
characteristics of a single p-MTJ is described. The magnetization dynamics of the MTJ 
element during the magnetization reversal process is considered. In addition, the 
switching transient characteristics in the elliptic MTJ element having the domain wall 
pinning structure on the influence of the domain wall on the switching transient 
characteristic is investigated, and shown the guideline to suppress the domain wall 
pinning phenomenon and the switching time. In chapter 3, the physical mechanisms 
revealed about the inter-cell interference phenomena occurring in the p-MTJ array are 
shown and the model is explained. In chapter 4, the investigation results on inter-array 
distance, write current density, and magnetic parameter dependency to suppress 
inter-cell interference phenomena occurring in the p-MTJ array is described. An array 
design guideline for suppressing inter-cell interference phenomena is also presented. In 
chapter 5, the results obtained in this paper are summarized. 
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Chapter 2  
Switching Transient Characteristics 
with Domain Wall Motion During 
Magnetization Reversal Process in 
Perpendicular MTJ 
2.1. Introduction 
In this chapter, switching transient characteristics with domain wall motion 
during magnetization reversal process in stand-alone p-MTJ is described. In particular, 
the simulation result regarding to the inversion and switching characteristics of the 
60 × 20 nm elliptic p-MTJ element having a defect structure, which is inevitably formed 
during manufacturing process. Then domain wall pinning model in STT-MTJ is 
described and detail the impact of defect on magnetization dynamics is analyzed by 
using Landau-Lifshitz-Gilbert (LLG) micromagnetic simulation.   
 
2.2. LLG Micromagnetic Simulation Method 
Micromagnetic structure, such as that present in surface domain walls, can be 
extracted with standard methods for the solution to the Landau-Lifshitz-Gilbert 
equation. 
In order to solve switching characteristics during magnetization reversal process, 
solving the spatial distribution of the magnetization M at equilibrium states. The 
equilibrium magnetization configuration results from the minimization of the system’s 
free energy. The energy of a ferromagnetic system is composed of various magnetic 
fields present inside the magnetic body. In this study, I especially focused on the four 
magnetic fields: (1) the mean field exchange energy Eex between nearest neighbors 
characterized by the exchange coupling constant A (erg/cm). (2) the magneto anisotropy 
energy EK, which describes the interaction of the magnetic moments with the anisotropy 
field constant K (erg/cm
3
). (3) the magnetostatic self-energy Es, which arises from the 
interaction of the magnetic moments with the magnetic fields created by discontinuous 
magnetization distributions both in the bulk and at the surface. This magnetic field is 
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caused by a so-called demagnetizing field. 4) the external magnetostatic field energy Eh, 
which arises from the interaction of the magnetic moments with any externally applied 
magnetic fields or Oersted field induced by current. 
 
𝐄 = 𝐄𝐞𝐱 + 𝐄𝐚𝐧𝐢 + 𝐄𝐬 + 𝐄𝐡 (2.1) 
 
The solution for the equilibrium magnetization distribution is a constrained 
boundary value problem in two or three spatial dimensions with the constraint of 
constant magnetization Ms. The continuous magnetization distribution of a ferromagnet 
is approximated by a discrete magnetization distribution consisting of equal volume 
cubes (3-D) or rods (2-D). 
Each individual discretized magnetization cell, interior to the array, will be 
addressed by the (X, Y, Z) coordinates of its centroid. There are Nx cells along X, Ny 
cells along Y, and Nz cells along Z interior to the structure to be modeled. There is one 
plane (3-D) or column (2-D) of boundary cells bounding the discretized region. These 
boundary cells (conditions) can reflect the continuous uniform magnetization 
distribution present within the domains themselves on either side of the structure. If no 
boundary conditions are specified, the cells at the edges are free. In the absence of 
surface anisotropy, the normal derivative of the magnetization distribution at the surface 
is zero [1],[2]. In the presence of surface anisotropy, the Rado-Weertman boundary 
conditions is used [2], [3]. 
Fundamental to the solution of the micromagnetic equations is the assumption 
that the bulk saturation magnetization Ms (emu/cm
3
) is constant microscopically 
throughout the ferromagnet. The parameter Ms represents saturation magnetization at 
room temperature. For most practical systems being considered (Fe, Co or Permalloy), 
there is little deviation in Ms at room temperature from the 0 K value. The value of the 
magnetization vector M(r) at each point within the ferromagnet is the saturation 
magnetization multiplied by the direction cosines, that is M(r) = (Mx(r), My(r), 
Mz(r)) = Msα(r) = Ms (α(r), β(r), γ(r)). The constraint equation implied by the constant 
magnetization assumption is |α(r)| = 1. The individual contributions to the energies in 
this continuum model are calculated by integrating the energy expressions over the 
structure in question. The energy integrals below are integrated over the appropriate 
dimension, dV. 
The exchange energy Eex in the continuum approximation is given by. 
 
𝐄𝐞𝐱 = 𝑨∫𝒅𝑽[|𝜵𝜶|
𝟐 + |𝜵𝜷|𝟐 + |𝜵𝜸|𝟐] (2.2) 
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The exchange stiffness parameter A can be extracted from spin-wave theory [4],[5],[6],  
The volume magnetocrystalline anisotropy for uniaxial (e.g. easy-axis in z in the case 
of p-MTJ) Eani is given by the following expressions, 
 
𝐄𝐚𝐧𝐢 = ∫𝒅𝑽[𝑲𝒖𝟏(𝟏 − 𝜸
𝟐) + 𝑲𝒖𝟐(𝟏 − 𝜸
𝟐)𝟐] (2.3) 
 
Ku, symmetry can be determined from torque magnetometry measurements. The 
energy due to magnetostriction can be included in the expression for the uniaxial 
anisotropy by appropriately adjusting the value of the anisotropy constant [7]. The 
surface magnetocrystalline anisotropy 
energy Eani,s is given by, 
 
𝐄𝐚𝐧𝐢,𝐬 = ∫𝒅𝑺
𝟏
𝟐
(?̂? ∙ ?̂?)𝟐 (2.4) 
 
where the integration is along the (line increment dS in 2-D or a surface 
increment in 3-D) boundary at the film surfaces. The symmetry of the surface 
anisotropy energy was determined by Rado [8,9]. In this study, these anisotropies are 
approximated as one Ku. 
The self-magnetostatic field energy Es can be represented in a number of equivalent 
forms, but for these purposes the most convenient representation is 
 
𝐄 𝐬 = −∫𝒅𝑽
𝟏
𝟐
𝑯𝒔⃗⃗⃗⃗  ⃗ ∙  ?̂?𝑴𝒔 (2.5) 
 
where the self-field Hs is determined from the negative gradient of the scalar magnetic 
potential, 
 
?⃗⃗? = −𝛁𝛟 (2.6) 
 
The magnetic scaler potential ϕ satisfies 
 
𝛁𝟐𝛗 = 𝟒𝛑𝐌𝐬𝜵 ∙ ?̂? (2.7) 
 
inside the ferromagnet, and LaPlace’s equation outside of the ferromagnet, 
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𝛁𝟐𝛟′ = 𝟎 (2.8) 
 
and at the surface ϕ = ϕ’ and 
 
−
𝒅𝛟
𝒅𝒛
+ 𝟒𝝅𝑴𝒔𝜸 = −
𝒅𝛟′
𝒅𝒛
 (2.9) 
 
in the two-dimensional case for example. The regularity of φ’ at infinity is also required. 
This can be guaranteed by solving for the potential using Green’s function methods. 
The calculation of this self- field energy is the most computationally intensive aspect of 
solving the micromagnetic equations. 
The external field energy Eh for an applied field of Ho is simply given as 
 
𝐄 𝐬 = −∫𝒅𝑽𝑯𝒐⃗⃗ ⃗⃗  ⃗ ∙  ?̂?𝑴𝒔 (2.10) 
 
To calculate the magnetic microstructure in ferromagnets, the time evolution of 
a magnetization configuration inside a ferromagnet, which is described by the 
Landau-Lifshitz-Gilbert equation, must be solved. The Landau-Lifshitz-Gilbert equation 
has been examined experimentally and theoretically, and found to yield an accurate 
description of the time evolution of a magnetic moment of fixed magnitude in a 
magnetic field. This equation has the following form. 
 
𝒅𝑴
𝒅𝒕
= −
|𝜸|
𝟏 + 𝜶𝟐
(𝑴 × 𝑯𝒆𝒇𝒇) −
|𝜸|𝜶
(𝟏 + 𝜶𝟐)𝑴𝒔
?̂? × (𝑴 × 𝑯𝒆𝒇𝒇) 
−𝑔
ℏ
2
𝐼
𝜇𝑒𝑀𝑠𝑉
?̂? × (?̂? × ?̂?𝑝)       (𝟐. 𝟏𝟏) 
 
𝐇𝒆𝒇𝒇  =  𝐇𝐞𝐱𝐭  + 𝐇𝐚𝐧𝐢  + 𝐇𝐝𝐞𝐦𝐚𝐠  +  𝐇𝐞𝐱  + 𝐇𝐨𝐞  (2.12) 
 
Here, the gyromagnetic frequency γ = gωe /2 is determined from the free 
electron value of ωe and the spectroscopic splitting factor, g = 2. The gyromagnetic 
frequency γ, the damping parameter α and the magnitude of the effective fields 
determine the time scales of interest. For time domain simulations, the free electron 
gyromagnetic frequency of γ = 1.78×107 (Oe sec-1) is used. The damping parameter α 
is not well known. The damping parameter was not found to change the equilibrium 
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magnetization configurations in domain walls in uniform ferromagnetic systems [10]. 
The effective magnetic field on each magnetic moment is determined from the total 
system energy Etot as 
 
?⃗⃗? 𝒆𝒇𝒇  =  −𝛛𝐄𝐭𝐨𝐭/𝝏(𝑴𝒔?̂?) (2.13) 
 
2.3. Spin Dynamics in Magnetization Reversal 
Writing operation of STT-MRAM from the P state to AP state is performed by 
controlling the magnetization direction of the free layer of the MTJ element. The 
dynamics of magnetization M under the effective magnetic field Heff can be described 
phenomenologically by the Landau-Lifshitz-Gilbert equation as follows, 
 
𝝏𝑴
𝝏𝒕
= −|𝜸|(𝑴 × 𝑯𝒆𝒇𝒇) − |𝜸|𝜶?̂? × (𝑴 × 𝑯𝒆𝒇𝒇) + 𝒈
ℏ
𝟐
𝑰
𝒆
?̂? × (?̂? × ?̂?𝒑).   (𝟐. 𝟏𝟒) 
 
Here, g is the gyromagnetic ratio of the precession, α is the damping constant, g is the 
constant called the g coefficient, I is the writing current, e is the elementary charge, m is 
the direction of the magnetization vector, and mp is direction of the magnetization in 
pinned layer. This is in the direction of magnetization of the fixed layer. 
Figure 2.1 shows the schematic of magnetization dynamics in magnetization 
reversal process. Here, the first term of the right side of Eq. (2.14) indicates that the 
magnetization dynamics direction in precession, and the second term indicates the 
damping direction, third term indicates that spin-torque direction, respectively. 
Regarding to the magnetization reversal time and the magnitude of the applied 
switching current, the previous study has shown that two regions appear depending on 
the magnetization reversal time [19]. One of a region that follows the precession 
movement described above and is called an adiabatic region or a precession region. In 
particular, it is used in a region where high-speed switching of 10 ns or less is 
performed, to which a sufficiently large current is applied. In the adiabatic region, the 
switching current is sufficiently larger than Ic0, and magnetization is inverted by giving 
a large spin torque to the magnetization. The switching time in this region is explained 
by the following equation [11,12], 
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(
𝑰
𝑰𝒄𝟎
–  𝟏)  =
𝒍𝒏 (
𝝅
𝟐𝜽𝟎
)
𝒂𝜸𝑯𝒆𝒇𝒇
𝒕𝒑
−𝟏   (𝟐. 𝟏𝟓) 
 
The other is a thermal active region, and it is used in the switching time region 
of 10 ns or more. In this region, since it is affected by thermal fluctuation, the following 
relation holds for the current value with respect to the pulse time [9]: 
 
𝑰𝒄 = 𝑰𝒄𝟎 {𝟏 − (
𝒌𝑩𝑻
𝐄
) 𝒍𝒏 (
𝝉𝒑
𝝉𝟎
)}   (2.16) 
 
 
 
 
Figure 2.1 schematic of magnetization dynamics in magnetization reversal process. 
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2.4. Switching Characteristics in Stand-alone p-MTJ 
In this section, switching characteristics in stand-alone p-MTJ are described, 
which is clarified by previous research. It should be noted that the switching 
characteristics have a size dependency. First of all, sub-volume excitation in a free layer 
of p-MTJs is explained. Figure 2.2 shows the change of magnetization configuration in 
a free layer of p-MTJs with diameters of 20 nm, 40 nm or 70 nm through STT 
magnetization switching [13]. The columns in the Figure 2.2 show the magnetization 
configurations of the free layer when averaged magnetization mz in the free layer is 
from +1.0 to -1.0 during STT magnetization reversal process. In 20 nm p-MTJ case, 
magnetization direction in plane is always aligned during magnetization reversal 
process. This magnetization reversal mode can be regarded as one magnetization. It is 
explained as a macro spin model because it can be regarded as approximate single 
magnetization. On the other hand, one can see the white area at the center in the third 
magnetization configuration of the free layer with the diameter of 40 or 70 nm. In this 
region, the value of mz is smaller than that in the outer region of the free layer (This 
magnetic domain is called “sub-volume”). This sub-volume was the nucleation of the 
domain wall shown in the fourth magnetization configuration of the free layer with the 
diameter of 40 or 70 nm. On the other hand, no sub-volume excitation and domain wall 
generation were observed in the free layer with 20 nm diameter. These results indicate 
that sub-volume excitation appeared in p-MTJs with large junction diameter. 
Moreover, the sub-volume excitation impacts on the switching transient 
characteristics as mentioned in our previous report [13]. Figure 2.3 shows the time 
evolution waveforms of averaged magnetization mz of the free layer when overdrive 
I/Ic0-1 = 0.5 and the exchange stiffness Aij of the free layer was 1.9 μerg/cm. The 
waveforms correspond to the switching of the free layer from the parallel (mz = 1.0) to 
antiparallel (mz = -1.0) state. In the case of p-MTJs with a diameter of 70 nm, the 
intermediate state between parallel state and antiparallel state clearly appeared in the 
transition curve and the appearance of this intermediate state lengthened the transit time.  
It is well known that the nucleation size of sub-volume can be comparable to the 
domain wall width expressed as the following equation [14],  
 
𝐝𝐰 = 𝛑√𝐀𝐢𝐣 𝐊𝐞𝐟𝐟⁄ =  𝛑√𝐀𝐢𝐣 (𝐇𝐞𝐟𝐟 ∙ 𝐌𝐬/𝟐)⁄  (2.17), 
 
where Aij is the exchanged stiffness which is the exchange coupling force between the 
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adjacent ferromagnetic grains, Keff is the effective perpendicular anisotropy energy, and 
Heff is the effective field in the free layer. Figure 2.4 shows the calculated Heff obtained by 
fitting results and dw when Aij = 19 pJ/m. When junction diameter is less than dw, 
magnetization configuration in free layer behaves as a single domain structure. On the 
other hand, when junction diameter is larger than dw, sub-volume excitation is observed. 
To suppress the sub-volume excitation, it is essential to scale down the junction diameter 
and increasing exchange stiffness Aij.  
 
 
 
Figure 2.2 Simulation results of magnetization configuration  for P to AP STT 
magnetization a process of a free layer in p-MTJs when Aij = 19 pJ = m. The diameters 
of the p-MTJ are (a) 20, (b) 40, and (c) 70 nm [13]. 
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Figure 2.3 Simulation results of time evolutions of normalized magnetization for STT 
magnetization reversal when overdrive I = Ic0 − 1 = 0.5 [13]. 
 
 
Figure 2.4  The calculated effective field Heff obtained by the fitted results and domain 
wall width when Aij = 1.9 μerg/cm [13]. 
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2.5. Transient Switching Characteristics in p-MTJ with 
Domain Wall Pinning Notch 
2.5.1. p-MTJ with Domain Wall Pinning Notch 
In this section, transient switching characteristics in p-MTJ with domain wall 
motion are described. In particular, the case of having a domain wall pinning structure is 
focused. 
In order to clarify the mechanism of switching transient characteristics in p-MTJ, 
consideration of magnetic domain wall movement is indispensable. In the previous 
study [15] on domain wall movement, researches on magnetic domain wall movement 
have been extensively studied for a magnetic body having a single layer magnetic 
domain structure such as a nanowire or three terminal domain wall operation type MTJ. 
However, the domain wall dynamics mechanism for the current-perpendicular-to-plane 
(CPP) STT type p-MTJ element has not been clarified. On the other hand, in 
STT-MRAM which is actually prototyped, cell arrays are formed by elliptic p-MTJ 
having an aspect ratio of about 3:1 because compensate for the thermal stability 
coefficient by increasing the volume. In the semiconductor manufacturing process, there 
is a nanometer size nano-defects problem, and it is still difficult to form a fine p-MTJ 
element in a process step with a beautiful circle or elliptical shape. Therefore, the 
p-MTJ element with a defect structure is assumed. From the above, in this study, 
transient switching characteristics in 60 × 20 nm p-MTJs with domain wall pinning 
notch are considered as shown in Fig. 2.5 (As an example, we show a structure with 
notch radius d = 3 nm defect here). 
 
 
.  
Figure 2.5 Schematic of 60 × 20 nm p-MTJs with domain wall pinning notch. 
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2.5.2. Simulation Condition 
I set following simulation conditions: the thickness, saturation magnetization 
μ0Ms, perpendicular anisotropy constant Ku, and the damping factor α of a CoFeB free 
layer were 2.9 nm, 1.58 T, 1.0 × 10
7
 erg/cm
3
 and 0.005, respectively [16]. In this 
simulation, multilayer stacked pinned layer of p-MTJ was approximated by a simple 
ferromagnetic(FM1)/Ru/ferromagnetic(FM2) tri-layer for calculations. The thickness, 
saturation magnetization, perpendicular anisotropy constant and the damping constant 
of a FM1 layer were 2.2 nm, 1.05 T, 1.3 × 10
7
 erg/cm
3
, and 0.1, respectively. The 
thickness, saturation magnetization, perpendicular anisotropy constant and the damping 
constant of a FM2 layer were 3.3 nm, 0.8 T, 1.3 × 10
7
 erg/cm
3
,and 0.1, respectively. The 
spin polarization of three ferromagnetic layers is 0.6. A. Commercially available LLG 
micromagnetic simulator was used for the all calculation [16]. In order to consider the 
effect of pinning notch in detail, the mesh cell size was fixed to 0.5 × 0.5 nm. The time 
step for numerical time integration was 0.0025 ps. All calculation were executed at 
T = 0 K. In this study, we set the DMI constant D as 0 erg/cm
2
. 
 
 
2.5.3. Results and Discussion 
Figure 2.6 show the switching transient characteristics of elliptic p-MTJ without 
pinning structure when I = 80 μA. It is different from the case of a regular sphere 
structure, the switching characteristic of mz shows a slight vibration, but in this case no 
domain wall pinning was seen. Figure 2.7 shows the switching transient characteristics 
of elliptic p-MTJ with pinning notch (d = 5) when I = 80 μA. It was confirmed that the 
domain wall pinning occurred and the magnetization reversal was prevented. This result 
indicates that writing error can occur by having a nano-defect structure. While it was 
confirmed that the domain wall pinning was observed in the case of d = 5 nm, the 
switching characteristic also changed as the defect size became smaller. Figure 2.8 
shows the switching transient characteristics of elliptic p-MTJ with pinning notch 
(d = 3nm) when I = 80 μA. In this case, the magnetization reversal characteristic is 
agreement with the case of d = 5 from t = 0 to about t = 13 ns, it can be seen that the 
characteristic changes from the point where the domain wall intrudes inside the notch. 
However, the domain wall pinning did not occur and the magnetization reversal was 
completed. Then, I describe the current density dependence of the domain wall pinning 
phenomenon. Figure 2.9 shows the switching transient characteristics of elliptic p-MTJ 
with pinning notch (d = 5 nm) when I = 95 μA. By increasing the switching current, it is 
confirmed that domain wall pinning phenomenon is suppressed and switching was 
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performed.  
From these results, a model of the switching transient characteristic in p-MTJ 
with nano-defect is shown in the Fig. 2.10. Firstly, magnetic domain moves toward the 
center of p-MTJ. During this period, the anisotropic energy increases. This behavior is 
the same regardless of the presence or absence of pinning notch. Then, the edge of the 
domain wall penetrates between pinning notch. During this period, reduction of 
anisotropic energy starts. I guess the peak of the total energy becomes smaller and stable 
as the defect width becomes wider because total magnetic domain area becomes smaller. 
Third, vibration and stabilization of domain wall between pinning notch occurs. During 
this period, balance adjustment between anisotropic energy and domain wall energy is 
occurred for decreasing total energy in p-MTJ. It is easy to occur the domain wall 
pinning in larger pinning notch because the domain wall remains between the pinning 
notch. Finally, domain wall stabilized so that magnetic domain structure approaches 
symmetric shape.  
In order to verify this model, it is a matter to deal with time-evolutional energy 
relations. Furthermore, since the STT is actually given by the current during all period, 
it is necessary to pay attention to the actual magnetization dynamics.  
Figure 2.11 shows time evolutional magnetic energy of elliptic p-MTJ with 
pinning notch (d = 5 nm) when I = 80 μA. As shown in the model, the anisotropic 
energy is increasing until the domain wall occurs in p-MTJ in the magnetization 
reversal process. The total energy inside the p-MTJ also increases with an increase in 
anisotropic energy (Eani). After magnetic domain formed, in order to balance the total 
energy (Etot), the anisotropic energy decreases and instead the exchange coupling energy 
(Eex) increases. 
After domain wall penetrates between pinning notch, anisotropic energy 
decreases because the area of magnetic domain, which magnetization is oriented in an 
anisotropic hard axis direction is reduced due to pinning notch. Exchange coupling 
energy is vibrated in this period. This result indicates the domain wall width is also 
vibrated during magnetization reversal process. A similar trend was seen also in the case 
of d = 3nm as shown in Fig. 2.12, but no definitive difference was seen. 
Then, I focus on the torque on magnetization which determines the 
magnetization dynamics. Figure 2.13 shows the total torque in z axis map in p-MTJ 
with pinning notch (d = 5 nm) and Figure 2.14 shows the spin transfer torque map in 
p-MTJ when t = 14.5 ns. While the addition of the STT in z axis in the negative 
direction (reversal direction), the total torque is in the positive direction. Focusing on 
the torque generated by the magnetic field, it is found that the demagnetizing field and 
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the exchange coupling magnetic field have an influence on the magnetization dynamics. 
Figure 2.15, 2.16 and 2.17 shows the torque due to anisotropy field, 
demagnetization field and exchange coupling field in z axis map in p-MTJ, respectively. 
It was found that a large torque of about 10
10
 order was applied in the positive direction 
nearby pinning notch. Therefore, it is suspected that the torque caused by 
demagnetization field and exchange coupling field are the origin of domain wall pinning. 
Figure 2.18 shows the (a) spin transfer torque and (b) total torque distribution map in 
center of y axis in p-MTJ with pinning notch (d = 5nm) with I = 80 μA when t = 13.0 ns, 
13.5 ns, 13.75 ns, 14.0 ns, 14.25 ns, 14.5 ns, 14.75 ns, 15.0 ns, respectively. In most 
time domains, torque is applied in the opposite direction to STT between pinning notch 
(-5 < x < 5 nm). On the other hand, this tendency was not seen in p-MTJ with pinning 
notch (d = 3 nm) case. Figure 2.19 shows the (a) spin transfer torque and (b) total torque 
distribution map in center of y axis in p-MTJ with pinning notch (d = 3nm) with 
I = 80 μA. In this case, it is assumed that the direction of the torque changes, and the 
torque caused by the magnetic field inside the defect does not exert a large influence.  
Figure 2.20 shows the (a) spin transfer torque and (b) total torque distribution 
map in center of y axis in p-MTJ with pinning notch (d = 5 nm) with I = 95 μA. As the 
total torque increases in the reverse direction due to an increase in the STT, the torque 
distribution between defects is shifted in the reverse direction. This is the mechanism of 
the pinning phenomenon is suppressed.  
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Figure 2.6 Switching transient characteristics of elliptic p-MTJ without pinning 
structure when I = 80 μA. 
 
 
Figure 2.7 Switching transient characteristics of elliptic p-MTJ with pinning notch 
(d = 5) when I = 80 μA. 
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Figure 2.8 Switching transient characteristics of elliptic p-MTJ with pinning notch 
(d = 3) when I = 80 μA. 
 
 
Figure 2.9 Switching transient characteristics of elliptic p-MTJ with pinning notch 
(d = 5) when I = 95 μA. 
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Figure 2.10 Model of the switching transient characteristic in p-MTJ with nano-defect. 
 
 
 
 
Figure 2.11 Time evolutional magnetic energy of elliptic p-MTJ with pinning notch 
(d = 5 nm) when I = 80 μA. 
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Figure 2.12 Time evolutional magnetic energy of elliptic p-MTJ with pinning notch 
(d = 3 nm) when I = 80 μA. 
 
 
 
Figure 2.13 Total torque in z axis map in p-MTJ with pinning notch (d = 5 nm). 
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Figure 2.14 Spin transfer torque in z axis map in p-MTJ with pinning notch (d = 5 nm). 
 
 
 
 
 
Figure 2.15 Anisotropy field torque in z axis map in p-MTJ with pinning notch 
(d = 5 nm). 
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Figure 2.16 Demagnetization field torque in z axis map in p-MTJ with pinning notch 
(d = 5 nm). 
 
 
 
 
Figure 2.17 Exchange coupling field torque in z axis map in p-MTJ with pinning notch 
(d = 5 nm). 
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Figure 2.18 (a) Spin transfer torque and (b) total torque distribution map in center of y 
axis in p-MTJ with pinning notch (d = 5 nm) when t = 13.0 ns, 13.50 ns, 13.75 ns, 
14.0 ns, 14.25 ns, 14.50 ns, 14.75 ns, 15.00 ns, respectively. 
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Figure 2.19 (a) Spin transfer torque and (b) Total total torque distribution map in the 
center of y- axis in p-MTJ with a pinning notch (d = 3 nm) when t = 14.0 ns, 14.5 ns, 
15.0 ns, 15.5 ns, 16.0 ns, 16.5 ns, 17.0 ns, 17.5 ns, 18.0 ns, respectively. 
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Figure 2.20 (a) Spin transfer torque with I = 95 μA and (b) total torque distribution map 
in the center of y-axis in p-MTJ with pinning notch (d = 5 nm) when t = 7.50 ns, 7.75 ns, 
8.00 ns, 8.25 ns, 8.50 ns, 8.75 ns, 9.00 ns, 9.25 ns, 9.50 ns, 9.75 ns, 10.00 ns, 10.25 ns 
respectively. 
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2.6. Conclusions 
In this chapter, LLG micromagnetic simulation method and magnetization 
dynamics in p-MTJ are described. Then, the switching transient characteristics with 
domain wall motion during the magnetization reversal process in p-MTJ are described. 
We showed the time evolutional magnetization dynamics and energy change in 
magnetization reversal process in p-MTJ with a pinning notch. For the first time, it is 
shown that the torque due to the exchange coupling magnetic field and the torque due to 
the demagnetizing field work in the direction to prevent the spin transfer torque, and 
this strongly relates to the domain wall pinning phenomenon at the defect. 
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Chapter 3  
Modeling of Inter-cell Interference in 
p-MTJ Array 
3.1. Introduction 
In this chapter, modeling of inter-cell interference in p-MTJ array is described.  
There are several problems for increasing the density of LSIs. As one of examples of 
these problems, an inter-cell interference is a serious problem in high density LSIs. For 
example, NAND flash memory, which leads edge of extremely high density memory, is 
becoming difficult to use sub-1X nm technology due to the interference problems [12]. 
Therefore, in order to promote further increasing density, 3D-NAND [13]-[16] 
with vertical MOSFET [17,18] technology was adopted. In the p-MTJ case, thermal 
stability factor Δ, which determines date retention characteristics, becomes smaller with 
miniaturizing p-MTJ because Δ is proportional to the volume of p-MTJ. Besides, 
magnetic inter-cell interference becomes larger with an increase in p-MTJ array density 
just like in high-density patented recording media for Hard Disk Drive (HDD) [19]-[22].  
However, the physical mechanism of the interference phenomenon between p-MTJs has 
not been clarified in detail.  
In this chapter, we proposed new model of inter-cell interference in p-MTJ array 
and investigated the magnetization dynamics in a p-MTJ array by using 
Landau-Lifshitz-Gilbert (LLG) micromagnetic simulation. We also report inter-cell 
interference effect due to an oscillatory stray field from program cell, which also brings 
about ferromagnetic resonance in the un-selected cells.  
  
3.2. Model of Interference Phenomenon 
This section describes the model of inter-cell interference occurring in a high 
density p-MTJ array. The p-MTJ device has a stacked structure with a thin tunnel barrier 
film and ferromagnetic layers as shown in Fig. 3.1. In the free layer, magnetization 
direction can be flipped upward and downward by the current drive. For stand-alone 
p-MTJ case, magnetization dynamics with the spin-transfer torque can be explained by 
the following LLG equation: 
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𝒅𝑴
𝒅𝒕
= −
|𝜸|
𝟏 + 𝜶𝟐
(𝑴 × 𝑯𝒆𝒇𝒇) −
|𝜸|𝜶
(𝟏 + 𝜶𝟐)𝑴𝒔
?̂? × (𝑴 × 𝑯𝒆𝒇𝒇) 
−𝒈
ℏ
𝟐
𝑰
𝝁𝒆𝑴𝒔𝑽
?̂? × (?̂? × ?̂?𝒑)       (𝟑. 𝟏) 
 
𝐇𝒆𝒇𝒇  =  𝐇𝐞𝐱𝐭  + 𝐇𝐚𝐧𝐢  + 𝐇𝐝𝐞𝐦𝐚𝐠  +  𝐇𝐞𝐱  + 𝐇𝐨𝐞   (3.2) 
 
where M is the magnetization vector of the free layer,  is the gyromagnetic constant, g 
is the spin torque coefficient given by Slonczewski, I is the flowing current, h is the 
Plank constant, e is the charge of electron, V is the volume of the free layer, m = M/Ms, 
and Heff is the effective magnetic field including the external magnetic field, Hext, the 
magnetic anisotropy field, Hani, the demagnetization field, Hd, the exchange magnetic 
field Hex, and the Oersted field, Hoe. For the high density p-MTJ array case, it should be 
considered that the time dependent fluctuation of effective field is originated by 
oscillatory stray field from p-MTJ cells.  
First, magnetization in program cell starts magnetization precession by current 
drive. Magnetization precession in programing cell brings oscillatory stray field to 
surrounding un-selected cells. This oscillatory stray field induces un-selected cells to 
occur the magnetization disturbance due to ferromagnetic resonance when frequency of 
stray field corresponds to the precession frequency in unselected cells. Then 
magnetization precession in unselected cell brings about oscillatory stray field to 
program cell. 
Therefore, it is assumed that the magnetic interference is brought about between 
neighboring p-MTJ cells. 
Figure 3.2(a) shows the schematic structure of the simulated p-MTJ pillar which 
consists of CoFeB/MgO based synthetic antiferromagnetic coupled pinned layer 
[26]-[27]. The thickness, the saturation magnetization μ0Ms, the perpendicular 
anisotropy constant Ku, and the damping factor α of a CoFeB free layer were 2.2 nm, 
1.58 T, 1.0x10
7
 erg/cm
3
 and 0.005, respectively. In this simulation, a multilayer stacked 
pinned layer of p-MTJ was approximated by a simple 
ferromagnetic(FM1)/Ru/ferromagnetic(FM2) tri-layer for calculations. The thickness, 
the saturation magnetization, the perpendicular anisotropy constant and the damping 
constant of a FM1 layer were 2.2 nm, 1.05 T, 1.3x10
6
 J/m
3
 and 0.1, respectively. The 
thickness, saturation magnetization, perpendicular anisotropy constant and the damping 
constant of a FM2 layer were 3.3 nm, 0.8 T, 1.3x10
6
 J/m
3
 and 0.1, respectively.  The 
spin polarization of three ferromagnetic layers are 0.6. A commercially available LLG 
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micromagnetic simulator was used for all calculation in this thesis [28]. 
In order to investigate the interference between the program cell and the 
un-selected cells with the distance of L from program cell, the MTJs were set in all 
simulation as shown in Fig. 3.2(b). The p-MTJ cells were set to be in a 3x3 grid. L is the 
distance between two nearest-neighbor cells and d is the junction diameter. The color 
bar indicates the direction of magnetization in the free layer. In the following 
calculations, the center cell (i) was set to P state and the other cells such as cell (ii) and 
cell (iii) were set to AP state at the initial state. Programing current passed only through 
the center cell (i) and no current passed through the other cells such as the cell (ii) and 
the cell (iii). In this study, the precession amplitude is defined as the difference between 
the maximum and minimum of the x and y component, mx and my defined by m (m = 
M/Ms) in the p-MTJ cells. 
 
 
 
 
Figure 3.1  Schematic of Interference phenomenon between program cell and 
unselected cell. 
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Figure 3.2 (a) Schematic of simulated p-MTJ structure for all calculation. (b) distance 
map of magnetization mz of free layer in p-MTJ array. The color bar indicates 
magnetization direction. 
 
3.3. Results and Discussions 
3.3.1. Interference Effects in Program Cell 
First, we show the time-resolved inter-cell interference characteristics in p-MTJ 
cells. Figures 3.3(a), (b) and (c) show the time evolution curves of magnetization of the 
free layer in cell (i), cell (ii) and cell (iii) from parallel to antiparallel switching of the 
program cell, respectively. STT magnetization reversal process is divided into the 
following four periods: (1) incubation period (Tinc) is defined as the period from 
switching current applied to onset inter-cell interference. During Tinc, magnetization 
precession in the cell (i) was gradually increasing, and the precession amplitude of the 
cell (ii) was nearly zero, because the interference with the programmed cell (i) was 
negligibly small; (2) Interference period (Tint) is defined as the period from the onset of 
inter-cell interference between a program cell and un-selected cells to the onset 
magnetization reversal of the program cell. During Tint, the precession amplitude of the 
cell (ii) and the cell (iii) increased, and the z component, mz of m (m = M/Ms) also 
increased although no programing current passed through. At the same time, mz in the 
cell (i) was oscillated with nearly constant amplitude. This magnetization oscillation in 
the cell (i) resulted in the time delay of programing; (3) Transit period (Ttr) is defined as 
the period from onset to the end of magnetization reversal in program cell. During Ttr, 
the STT magnetization reversal was observed in the cell (i). On the other hand, the 
precession amplitude in the cell (ii) began to decrease, because magnetization damping 
starts to occur from this period; (4) Residual period (Tre) is defined as the period from 
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the end of magnetization reversal of the program cell to the end of residual precession in 
un-selected cells. During Tre, the residual precession was observed in the cell (ii). After 
the residual period, no precession was observed even though programing current still 
passed through the program cell (i). This result indicates that the inter-cell interference 
appears while the magnetization of the free layers in the program cell and the 
un-selected cell have the opposite direction each other. Therefore, the interference 
between the cell (ii) and the cell (iii) is negligibly small in this situation, because the 
magnetization of the free layers of two cells has the same states.  
Figures 3.4(a), (b) and (c) show the time evolution curves of magnetization of 
the free layer in cell (i), cell (ii) and cell (iii) from antiparallel to parallel switching of 
the program cell, respectively. No inter-cell interference occurred in the incubation 
period Tinc and transit period Ttr. On the other hands, magnetization precession in 
un-selected cell was observed slightly after Ttr. The effect of inter-cell interference is 
smaller than that of parallel to anti-parallel switching case, because interference period 
Tint in case of anti-parallel to parallel state switching is shorter than that of parallel to 
anti-parallel state switching case since magnetic damping torque was applied in addition 
to STT in program cell. From the above, we conclude that the inter-cell interference 
occurred when the magnetization direction of the programing and un-selected cells are 
antiparallel.  
This interference phenomenon becomes serious problems with narrower array 
space. Figures 3.5 show the time evolution curves of magnetization of the free layer in 
program cell in 30 nm p-MTJ array case. There is sufficient array space, so there is 
almost no delay due to inter-cell interference, although the cell size is large. Therefore, 
in this paper, discussion is based on the results of 10 nm p-MTJ array case. 
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Figure 3.3 Time-evolution curves of magnetization when parallel to anti-parallel 
magnetization reversal process (a) program cell (i), (b) neighbor unselected cell (ii) and 
(c) unselected cell (iii). 
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Figure 3.4 Time-evolution curves of magnetization when anti-parallel to parallel 
magnetization reversal process with switching current density J = 15 MA/cm
2
 (a) 
program cell (i), (b) neighbor unselected cell (ii) and (c) unselected cell (iii). 
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Figure 3.5 Time-evolution curves of magnetization when anti-parallel to parallel 
magnetization reversal process in program cell with switching current density 
J = 10 MA/cm
2
. 
 
3.3.2. Mechanism of Interference Effect 
Next, we evaluated the precession frequency during programing process using 
Fast Fourier Transform (FFT). Figure 3.6(a) shows the power spectrum of the 
precession motion in the cell (i) during Tint. The frequency of the precession motion in 
the cell (i) during Tinc was 24.3 GHz, which is in good agreement with the theoretical 
value f = γHeff,P/2π [29], where Heff, P denotes effective field of the free layer in the 
parallel state with the value of 8670.7 Oe. Figure 3.6(b) shows the power spectrum of 
the precession motion in the cell (i) during Ttr. The frequency shifted to 20.8 GHz 
during Tint, which corresponds to the frequency the precession motion in the cell (ii) 
during Tint as shown in Fig. 3.6(c). This value is in good agreement with the theoretical 
value f = γHeff,AP/2π, where Heff,AP denotes effective field in the antiparallel state with 
the value of 7421.8 Oe. This result suggests that the ferromagnetic resonance (FMR) in 
the cell (ii) is induced by the oscillatory stray field from the center cell (i). The 
frequency of the cell (i) synchronizes with the frequency of the un-selected the cell (ii) 
during Tint. Figure 3.6(d) shows the power spectrum of the precession motion in the cell 
(ii) during Tre. The precession frequency in the cell (ii) during Tre also agreed with the 
theoretical value f = γHeff,AP/2π. The precession frequency didn’t change from Tint to Tre. 
Then, we discuss the origin of disturbance and the dependence on program current 
density through disturbance strength defined by precession amplitude of mx as shown in 
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Fig. 3.3(b).  
These results are also substantiated from the simulation results of actual 
magnetization distribution during interference phenomenon. Figure 3.7(a) and (b) shows 
the distribution map of in-plane effective magnetic field in z-axis Heff,z in the free layer 
when initial state and during interference phenomenon (T = 5.0 ns), respectively.  
As shown in Fig. 3.7(a), the maximum value of in-plane magnetic field 
distribution in the initial state is 8500 Oe in the program cell, while it is 7700 Oe in the 
unselected cell, respectively. On the other hand, the maximum value of in-plane 
magnetic field distribution during interference phenomenon is about 7000 Oe in both 
cells. In either case, the magnetic field was at its maximum value at the edge of the cell 
as shown in Fig. 3.7(b). 
The disturbance strengths in the cell (ii) and the cell (iii) depend on the distance from 
the program cell. Figure 3.8 shows the precession amplitude as a function of distance 
from the program cell (i). The dashed line indicates the curve obtained by a minimum 
square method. The precession amplitude approximately decreases inversely 
proportional to the cube of distance between program cell (i), S. This result is in good 
agreement with the general expression of the dependence of the stray field from the 
program cell (i) on the distance from the program cell (i), calculated by dipole 
approximation method, which indicates that the precession amplitude depends on the 
stray field intensity from the program cell. The stray field intensity can be roughly 
explained as |Hstray| = MsV/4πμ0S
3
, where V is the volume of the free layer in p-MTJs, 
and MsV means the magnetic moment. Therefore, inter-cell interference intensity is 
expected to be small when magnetic moment becomes small. We speculate that 
reduction saturation magnetization is effective to decrease the effect of interference.  
Here, magnetic field induced by switching current is negligibly small. Figure 3.9 
shows the relationship between distance and current induced magnetic field when 
switching current density J = 15MA/cm
2
. In the p-MTJ array of the 10 nm generation, 
the strength of the magnetic field is about 3 Oe when I = 15 μA, which is negligibly 
small compared to the effective magnetic field in p-MTJ. 
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Figure 3.6 Power spectrum of the precession motion (a) in the cell (i) during Tint, (b) in 
the cell (i) during Ttr (c) in the cell(ii) during Tint (d) in the cell (ii) during Tre. 
 
 
 
Figure 3.7 Effective field distribution in z-axis in p-MTJ array when (a) initial state and 
(b) interaction state (t = 5 ns). 
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Figure 3.8 Disturb strength in unselected cell as a function of  distance from the 
program cell. 
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Figure 3.9 Relationship between distance and current induced magnetic field when 
switching current density J = 15MA/cm
2
. 
 
3.3.3. Phase map of Interference Effect 
In this subsection, we evaluated the relation of magnetization dynamics between 
program cell and un-selected cells by LLG micro magnetic simulation. We focus on the 
angle of magnetization to z-axis and magnetization phase during the interference period 
as shown in Fig. 3.10. Figure 3.11 shows the time evolutional transfer curves of 
normalized magnetization of program cell and un-selected cells when J = 11 MA/cm
2
 
and J = 18 MA/cm
2
. Magnetization oscillation of mz is observed during interference 
period. Then, we evaluated the angle of magnetization to z-axis and magnetization 
phase from time evolutional transfer curve of the magnetization. Figure 3.12(a) and (b) 
shows the time evolutional transfer curve of the angle of the magnetization to z-axis of 
the programing cell θp and un-selected cell θu when J = 11 MA/cm
2
 and 18 MA/cm
2
, 
respectively. As shown in Fig. 3.12(a), while θp and θu are nearly constant during 
interference period, their average values in this period are θp = 35.1 and θu = 10.6 degree. 
On the other hand, interference period becomes short, and almost no vibration period is 
observed when J = 18 MA/cm
2
 as shown in Fig. 3.12(b). Figure 3.13(a) and (b) shows 
the time evolutional transfer curve of the difference of phases dφ between 
magnetization in programing cell φp and stray field from the un-selected cell to the 
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programing cell -φu when J = 11 MA/cm
2
 and 18 MA/cm
2
, respectively. As shown in 
Fig. 3.13(a), the value of dφ is also nearly constant during the interference period, 
because the precession frequency of the program cell and un-selected cell are 
synchronized as mentioned in the section 3.2. On the other hand, there is no time region 
that θp, θu and dφ are nearly constant when J = 18 MA/cm
2 
as shown in Fig. 3.13(b). 
Therefore, switching delay due to the inter-cell interference becomes relatively small 
with an increase in switching current density. From these results, we calculate and 
overlay dmz/dt when θp = 35.1 and θu = 10.6 degree by LLG equation for each φp and 
-φu to clarify the impact of the inter-cell interference phenomenon on the magnetization 
dynamics in the programing cell. The magnitude of the magnetic field is calculated by 
taking the sum of the magnetic fields of the surrounding unselected cells. 
Figure 3.14(a) and (b) shows the magnetization phase dependence on dmz/dt in 
the program cell during interference period when J = 11 MA/cm
2
 and 18 MA/cm
2
, 
respectively. φp and -φu for each time during interference period are plotted. The red 
area is STT pumping dominated area and the blue area is damping dominated area. Note 
that dots concentrate in the white area (dmz/dt = 0), where damping and STT pumping 
are balanced as sown in Fig. 3.14(a). This indicates that damping and STT pumping 
balance due to the oscillatory stray field from un-selected cell during interference period, 
and impacts on switching delay. The blue area disappears with an increase of switching 
current density, and the value of dmz/dt becomes smaller as shown in Fig. 3.14(b), 
which indicates that the effect of oscillatory stray field becomes small. 
Figure 3.15(a) and (b) shows the magnetization phase dependence on dmz/dt in 
un-selected cell during interference period when J = 11 MA/cm
2
 and 18 MA/cm
2
, 
respectively. For un-selected cells, there is little flowing switching current density, 
hence STT term is not considered. Therefore, the red area is damping dominated area 
and the blue area is disturbance dominated area. During interference period, that dots 
concentrate in the white area (dmz/dt = 0) where damping and disturbance are balanced 
similar to the programing cell as shown in Fig. 3.15. It is clarified that the impact of 
dmz/dt modulation which induce mz oscillation in programing cell and un-selected cells 
during the interference period. 
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Figure 3.10 Schematic of the definition of magnetization angle θp, θu, magnetization 
phase φp, and φu in program cell and unselected cell, respectively. 
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Figure 3.11 Time evolution curves of magnetization when J = 11 MA/cm
2
: (a) program 
cell (i) and (b) neighbor unselected cell (ii). 
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Figure 3.12 Time evolution curves of the angle of magnetization to z-axis of the 
programing cell θp and un-selected cell θu (a) when J = 11 MA/cm
2
 and 
(b) J = 18 MA/cm
2
. 
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Figure 3.13 Time evolution curves of the difference of phases dφ between 
magnetization in programing cell φp and stray field from un-selected cell to programing 
cell -φu (a) when J = 11 MA/cm
2
 and (b) J = 18 MA/cm
2
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Figure 3.14 Magnetization phase dependence on dmz/dt in programing cell during 
interference period (a) when J = 11 MA/cm
2
 and (b) J = 18 MA/cm
2. Dots indicate φp 
and -φu for each time during interference period. 
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Figure 3.15 Magnetization phase dependence on dmz/dt in the unselected cell during 
interference period (a) when J = 11 MA/cm
2
 and (b) J = 18 MA/cm
2. Dots indicate φp 
and -φu for each time during interference period. 
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3.4. Conclusions 
In this study, we investigated the inter-cell interference effect between the 
program cell and un-selected cells induced by the oscillatory stray field from a program 
cell in a 10 nm design p-MTJ array using the Landau-Lifshitz-Gilbert micromagnetic 
simulation. Magnetization reversal process is divided into four periods. During 
interference period, inter-cell interference between the program cell and un-selected 
cells was observed, and the magnetization precession was excited in un-selected cells 
even where no programing current passes through. Moreover, this interference caused 
the programing delay. The inter-cell interference effect due to oscillatory stray field 
from the program cell also brought about ferromagnetic resonance in the un-selected 
cells. During interference period, the precession frequency of the program cell 
synchronized with the precession frequency of the un-selected cells.  
The precession amplitude of the un-selected cells was inversely proportional to the cube 
of distance from the program cell, which is in good agreement with the dependence of 
stray field on the distance from the program cell calculated by using dipole 
approximation method. Finally, we show the phase map of the interference effect and it 
is clarified that the impact of dmz/dt modulation which induces switching delay in 
programing cell and disturb un-selected cells during interference period. These results 
are useful knowledges for realizing high density STT-MRAM and its application. 
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Chapter 4  
Design of p-MTJ Array for High Speed 
and Low Power Operation  
4.1. Introduction 
In this Chapter, a design of p-MTJ array for high speed and low power operation 
is described. To realize giga-bit class STT-MRAM as working memory, it is essential to 
realize small cell size less than 8 F
2
 and miniaturize MTJs below 20 nm, while 
maintaining thermal stability factor Δ and suppressing the threshold switching current 
Ic0, those are necessary to reduce write power consumption. In order to apply 
STT-MRAM as an embedded memory for normally-off computer system [1]-[2], it is 
necessary to realize high speed operation with several GHz operations comparable to 
SRAM operation. Therefore, a technique for suppressing switching delay of a p-MTJ is 
required. However, the difference of switching delay between stand-alone type p-MTJ 
and single bit array-type p-MTJs is not clarified. 
In this chapter, we propose a design criteria of p-MTJ array to realize high-speed 
operation by comparing the switching speeds of stand-alone type p-MTJ and array-type 
p-MTJ . We investigated the array space and switching current density dependence of 
switching delay in array-type p-MTJs using LLG micromagnetic simulation. The 
balance sheet between array space and switching current density is shown for 
suppressing switching delay. 
4.2. Simulation Method 
The simulation method is almost the same as that in chapter 2. Figure 4.1(a) 
shows the schematic of the simulated p-MTJ pillar structure which consists of 
CoFeB/MgO based synthetic antiferromagnetic reference layer. The thickness, 
saturation magnetization μ0Ms, perpendicular anisotropy constant Ku, and the damping 
factor α of a CoFeB free layer were 2.2 nm, 1.58 T, 1.0x106 J/m3 and 0.005, respectively. 
In this simulation, multilayer stacked pinned layer of p-MTJ was approximated by a 
simple ferromagnetic (FM1)/Ru/ferromagnetic (FM2) tri-layer for calculations [3]-[4]. 
The thickness, saturation magnetization, perpendicular anisotropy constant and the 
damping constant of a FM1 layer were 2.2 nm, 1.05 T, 1.3x10
6
 J/m
3
 and 0.1, 
respectively. The thickness, saturation magnetization, perpendicular anisotropy constant 
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and the damping constant of a FM2 layer were 3.3 nm, 0.8 T, 1.3x10
6
 J/m
3
 and 0.1, 
respectively.  The spin polarization of three ferromagnetic layers is 0.6. The LLG 
equation used for simulation is explained as follows [5]: 
 
𝒅𝑴
𝒅𝒕
= −
|𝜸|
𝟏 + 𝜶𝟐
(𝑴 × 𝑯𝒆𝒇𝒇) −
|𝜸|𝜶
(𝟏 + 𝜶𝟐)𝑴𝒔
?̂? × (𝑴 × 𝑯𝒆𝒇𝒇) 
−𝒈
ℏ
𝟐
𝑰
𝝁𝒆𝑴𝒔𝑽
?̂? × (?̂? × ?̂?𝒑)     (𝟒. 𝟏) 
 
𝐇𝒆𝒇𝒇  =  𝐇𝐞𝐱𝐭  + 𝐇𝐚𝐧𝐢  + 𝐇𝐝𝐞𝐦𝐚𝐠  +  𝐇𝐞𝐱  + 𝐇𝐨𝐞   (4.2) 
 
where M is the magnetization vector of the free layer, γ is the gyromagnetic 
constant, g is the spin torque coefficient given by Slonczewski, I is the flowing current, 
h is the Plank constant, e is the charge of electron, V is the volume of the free layer, 
m = M/Ms, and Heff is the effective magnetic field including the external magnetic field, 
Hext, the magnetic anisotropy field, Ha, the demagnetization field, Hd, the exchange 
magnetic field Hex, and the Oersted field, Hoe. The mesh cell size was fixed to 1x1 nm. 
The time step for numerical time integration was 0.025 ps. All calculation were 
executed at T = 0 K. 
In order to investigate the interaction between programing cell and the adjacent 
cells with the distance of L from the programing cell, multiple cells were set in all 
simulation as follows. Figure 4.1(b) shows the distance map of the p-MTJ cell array in 
this simulation. The p-MTJ cells were set to be in 3x3 grids. L is the distance between 
two nearest-neighbor cells and d is the junction diameter. The color bar indicates the 
direction of magnetization in free layer. The center cell (i) was set to P state and the 
other cells such as cell (ii) and cell (iii) was set to AP state at the initial state. 
Programing current passed only the center cell (i), and no current passed through the 
other cells such as the cell (ii) and the cell (iii). In this study, precession amplitude is 
defined as the difference between the maximum and minimum of the x and y 
component, mx and my defined by m (m = M/Ms) in the p-MTJ cells. 
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Figure 4.1 (a) Schematic of the simulated p-MTJ pillar structure which consists of 
CoFeB/MgO based synthetic antiferromagnetic reference layer. (b) distance map. 
 
4.3. Results and Discussion 
4.3.1. Deference of Switching Characteristics between Stand-alone 
Type p-MTJ and Programing Cell in Array 
In this chapter, the deference of switching characteristics between 
stand-alone-type p-MTJ and program cell in array is described. 
Figure 4.2 shows an example of time evolutional curves of mz in stand-alone 
p-MTJ cell. In the stand-alone 10 nm p-MTJ case, the magnetic domain maintains 
single domain reversal mode during magnetization reversal process [6]. Therefore, 
magnetization reversal properties can be expressed by macro spin theory. The time 
evolution curve is described in Fig. 4.2(a). Next, we defined the time T0, which is the 
time when mz decrease from mz = 1.0 to mz = 0.0 as shown in Fig. 4.2(a). Figure 4.2(b) 
shows the critical switching current density dependency of T0. In the convention macro 
spin theory, the relationship between the value of 1/T0 and switching current density is 
expressed as a follow equation [7]-[9],  
 
1/T0 = (J/Jc0-1)αγHeff /ln(π/2θ0)  (4.3) 
 
where J is current density, Jc0 is the switching threshold current density, γ is the 
gyromagnetic constant, Heff is the effective magnetic field, and θ0 is the initial 
misalignment angle of magnetization of a free layer to the z-axis. In this paper, θ0 was 
fixed to be 5 degree in all simulations. Therefore, in the stand-alone p-MTJ case, 1/T0 is 
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linearly increases with an increase in switching current density.  
Figure 4.3 shows time evolutional curve of mz in p-MTJ in array when switching 
current density J is 15 MA/cm
2
. Black line indicates the stand-alone p-MTJ case and red 
line indicates the programing cell in array. Here, we defined the switching delay Tdelay as 
the difference of switching time between stand-alone p-MTJ and programing cell in 
array. Time evolution curve traced almost the same curve from mz = 1.0 to mz = 0.8, and 
magnetization oscillates near mz = 0.8. After the magnetization oscillation for a short 
period, magnetization reversal occurred. This phenomenon does not occur in 
stand-alone p-MTJ cell. Therefore, this result can be estimated as an unique phenomena 
of p-MTJ array operation with having property of switching delay in programing. 
Figure 4.4 shows time evolutional curve of mz in p-MTJ in array as a function of 
switching current density. The black line indicates that the time evolutional curve of mz 
in stand-alone p-MTJ. Switching delay becomes small with an increase in switching 
current density. 
Then we focus on the magnetization dynamics in unselected cells. The 
disturbance strength in the cell (ii) and the cell (iii) depends on the distance from the 
programing cell. Disturbance strength has switching current density dependency. 
Figures 4.5(a) and 4.5 (b) show the time evolution curves of the magnetization mz and 
mx of the free layer in the unselected cell (ii) as a function of switching current density 
in programing cell. As shown in Fig. 4.5, disturbance strength increases with an increase 
in switching current density from 11 to 15 MA/cm
2
, and disturbance strength decreases 
with an increase in switching current density from 15 to 20 MA/cm
2
. Therefore, disturb 
strength has switching current density dependency. Figure 4.6 summarizes the 
dependence of disturb strength on current density in the programing cell. As shown in 
Fig. 4.6, it can be divided into three switching current density regions: (1) In low 
switching current density region, a steady magnetization precession was excited in 
un-selected cell. In this region, disturb strength slightly increase with an increase in 
switching current density. (2) In middle switching current region, STT in programing 
cell becomes large and interaction period becomes shorter. Therefore, energy dissipation 
from programing cell becomes large, and disturbance strength is larger than the case of 
low switching current density region. (3) In high switching current region, interaction 
period becomes too short to bring about steady magnetization precession due to the 
presence of large STT in programing cell. Therefore, disturbance strength decreases 
with an increase in switching current density. From these results, it is essential to design 
program switching current for reducing the risk of error operation due to programing 
operation. 
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Figure 4.2 (a) Time-evolution curves of magnetization mz of the free layer in 
stand-alone p-MTJ as a function of switching current density. (b) Switching 
characteristics of stand-alone p-MTJ. 
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Figure 4.3 Time-evolution curves of magnetization mz of the free layer of program cell 
in p-MTJ array when J = 11 MA/cm
2
 and array space S = 10 nm. The black line 
indicates that in stand-alone case.  
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Figure 4.4 Time-evolution curves of magnetization (a) mz, (b) mx of the free layer of 
unselected cell (ii) in p-MTJ array as a function of switching current density. 
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Figure 4.5 Time-evolution curves of magnetization (a) mz, (b) mx of the free layer of 
unselected cell (ii) in p-MTJ array as a function of switching current density. 
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Figure 4.6 Current density dependency on disturb strength. 
 
 
4.3.2. Array Space Dependency on Switching Delay 
In this sub-section, array space dependency on write time delay is described. 
Then, we discuss the critical switching current density of programing cell in array. The 
value of 1/T0 linearly increases with an increase in current density in the low switching 
current density region as described in section 4.2. Therefore, switching delay becomes 
infinitely large when switching current density is not enough to large, even if switching 
current density is larger than the critical switching current density of stand-alone 
p-MTJs. Therefore, we should consider the interference effect on increase of critical 
switching current density of the programing cell in array. 
Figure 4.7 shows time evolutional curve of mz in p-MTJ in array as a function of 
array space S. The black line indicates the time evolutional mz curve of stand-alone 
p-MTJ case. Switching delay increases according to array space S becomes narrow. This 
result indicates that the interference effect on switching delay becomes large with 
decrease in array space S. 
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Figure 4.8 shows the critical switching current density of p-MTJs in arrays as a 
function of array space and one of the stand-alone p-MTJ. The dashed line in Fig. 4.8 
indicates the critical switching current density. The value of the critical switching 
current density Jc0 increases inversely proportional to the space of neighboring cells S as 
shown in Fig. 4.8. The value of Jc0 increases from 8.79 to 9.44 MA/cm
2
 with a decrease 
in the array space S from 15 to 10 nm. In the case of S = 10 nm, Jc0 increases by 21.3% 
compared with the stand-alone p-MTJ case.  
From this result, it is necessary to reduce the increase of critical switching 
current density for suppressing operation power consumption from the view point of 
array design. 
 
 
Figure 4.7 Time-evolution curves of magnetization mz of the free layer of program cell 
in p-MTJ array as a function of array space S. 
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Figure 4.8 Critical switching current density dependency on array space S. 
 
 
4.4. Proposal Model of Switching Delay Due to Interference 
Phenomenon 
In this  
section, we propose the model of switching delay due to interference 
phenomenon and discuss the switching delay due to interference phenomenon in p-MTJ 
array. Figure 4.9 shows the model of switching delay in array case. For stand-alone 
p-MTJ, it is enough to consider only the constant effective field. For array case, we 
should consider the time dependent fluctuation of effective field originated by 
oscillatory stray field from the unselected cells. This field brings about time dependent 
modulation of the balance between damping and STT pumping, which leads to 
switching delay caused by magnetization oscillation of programing cell. Therefore, we 
should optimize p-MTJ array design to suppress interference effect on switching delay. 
Figure 4.10 shows the current density dependence of 1/T0 as a function of cell 
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distance. Current density dependence of 1/T0 is divided two region at J = 16 MA/cm
2
. 
Magnetization oscillation is observed below 16 MA/cm
2
, and disappears above 
16 MA/cm
2
 as shown in previous section. Moreover, the switching delay decreases with 
an increase of array space S because the effect of stray field becomes small. Therefore, 
it is clarified that switching delay is determined by balance between programing current 
and oscillatory stray field from unselected cells. 
Therefore, in the stand-alone p-MTJ case, 1/T0 is linearly increases with an 
increase in switching current density. On the other hand, in the programing cell in array 
case, the value of 1/T0 does not have a linear relationship with switching current density 
and inflection point is appeared as shown in Fig. 4.10. The inflection point is shifted to 
the small current density direction with an increase in array space S. Here, we divide the 
switching current density into three areas: (1) In the low switching current density 
region which is lower than the inflection point, the value of 1/T0 linearly increases with 
an increase in current density. Sufficiently large switching delay occurs in this region. 
Here, T0 of programing cell in array is defined as the sum of T0 of stand-alone p-MTJ 
and switching delay T0,stand-alone + Tdelay. Therefore, switching delay has relationship with 
switching current density. (2) In the inflection region, the gradient of 1/T0 becomes 
large. In this region, magnetization oscillation displayed in Fig. 4.10 is not excited. (3) 
In the high switching current density region where the current density is higher than the 
inflection point, the value of 1/T0 asymptotically increases to the line of stand-alone 
p-MTJ case. Therefore, interference effect is negligibly small in this area, because STT 
is large enough to exclude the interference effect. In this section, we show the difference 
the magnetization reversal properties between stand-alone p-MTJ cells and programing 
cells in array. 
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Figure 4.9 Model of switching delay in p-MTJ array with interference phenomena due 
to oscillatory stray field from unselected cells. 
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Figure 4.10 Switching current density dependency on switching time 1/T0. 
 
 
4.5. Proposal Cell Array Deign with High Speed Operation  
In this section, we show the design criteria between array space and switching 
current density for suppressing switching delay Tdelay. First, switching current density 
dependency of Tdelay as a function of array space is shown in Fig. 4.11. The value of 
Tdelay drastically decreases in the region of large switching current density, especially for 
small array space, and Tdelay becomes negligibly small when array space is larger than 
the critical value. This critical value is same as the inflection point in Fig. 4.11. 
Therefore, for suppressing switching delay, it is necessary to consider not only 
switching current density, but also array space. 
Figure 4.12 shows the balance sheet between switching current density and array 
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space in case of 10 nm p-MTJ for keeping the switching delay less than 3 ns as 10% 
DRAM access time (30 ns). The color bar indicates that the values of switching delay. 
The red area is dangerous area where switching delay is more than 3.0 ns, while the blue 
and purple area are safety area where switching delay is less than 1.0 ns. 
In order to increase the density of STT-MRAM, cross point type cells with 
vertical body-channel MOSFET (BC-MOSFET) have been investigated. Figure 4.13 
shows the schematic of p-MTJ/BC-MOSFET hybrid cross point type and its layout. 
Cross point type cell has a potential to realize 4 F
2
 cell size, which cannot be realized by 
the conventional planer type cell as shown in Fig. 4.14. 
From the above, in the case of p-MTJ switched with J of about 10 MA/cm
2
, it's 
necessary to set S to more than 15 nm to achieve less than 3.0 ns of delay time, and this 
1T-1MTJ STT-MRAM cell size is 6.25 F
2
 with p-MTJ/BC-MOSFET hybrid type cross 
point type cell.  
 
 
 
Figure 4.11 Array space dependency on switching delay Tdelay due to interference 
effect. 
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Figure 4.12 Design balance cheet between array space and switching current density for 
suppressing switching delay. 
 
 
Figure 4.13 Schematic of STT-MRAM array with p-MTJ and vertical BC-MOSFET 
hybrid cell [11]. 
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Figure 4.14 Schematic of STT-MRAM array with p-MTJ and conventional planer 
MOSFET hybrid cell [12]. 
 
4.6. Magnetic Parameter Dependence of Interference 
Phenomenon 
In this section, magnetic parameter dependence of interference phenomenon is 
described. We focus on the saturation magnetization Ms and anisotropy coefficient Ku 
dependence on the switching delay in program cell and the disturb strength in 
unselected cell. 
 
4.6.1. Simulation Method 
Simulation conditions are almost same as those described in Section 4.2, but 
only the magnetic parameters are set to the each values shown in Table 4.1. The 
switching current has different values set for each magnetic parameter. In this section, 
all simulation results are the case for array space S = 10 nm. 
In this simulation, it should be noted that the values of thermal stability factor Δ 
and critical switching current density Jc0 of p-MTJ change for each magnetic parameter. 
Table shows the value of Δ=E/kBT for each magnetic parameter in this p-MTJ structure. 
E/kBT is calculated by the following equations, 
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𝐄
𝐤𝐁𝐓
= 𝐌𝐬𝐇𝐤,𝐞𝐟𝐟𝐕/𝟐𝐤𝐁𝐓 =
𝐕
𝟐𝒌𝑩𝑻
(𝟐𝑲𝒖 −
𝑵𝑴𝒔
𝟐
𝝁𝟎
) (4.3) 
𝐇𝐤,𝐞𝐟𝐟  =  𝐇𝐚𝐧𝐢  + 𝐇𝐝𝐞𝐦  =  𝟐𝐊𝐮/𝐌𝐬 – 𝐍𝐌𝐬/𝛍𝟎 (4.4) 
 
Figure 4.15 shows the thermal stability factor dependence on critical switching 
current density as a function of saturation magnetization. Switching critical density for 
stand-alone p-MTJ is expressed as a following equation, 
 
𝑰𝒄𝟎 =
𝜶
𝜼
(
𝟐𝒆
ℏ
)𝑯𝒆𝒇𝒇𝑴𝒔𝑽 (4.5) 
 
where α indicates damping factor, η indicates that spin injection efficiency, e indicates 
that elementary charge, and ℏ indicates that planck constant. From eq. 4.5, the value of 
Jc0 is proportional to the thermal stability, and this relationship is also can see in the 
Fig. 4.15. 
  
Table 4.1 Setting magnetic parameters in this simulation and the value of E/kBT of each 
case. 
 
 
Ku(MJ/m3) Ms(T) E/kBT(T=300K)
1.0 1.3 20.11
1.1 1.3 25.18
1.2 1.3 30.25
1.3 1.3 35.32
1.4 1.3 40.39
1.0 1.4 16.49
1.1 1.4 21.20
1.2 1.4 25.91
1.3 1.4 30.61
1.4 1.4 35.32
1.0 1.5 13.35
1.1 1.5 17.75
1.2 1.5 22.14
1.3 1.5 26.53
1.4 1.5 30.93
Ku(MJ/m3) Ms(T) E/kBT(T=300K)
1.0 1.0 35.32
1.1 1.0 41.91
1.2 1.0 48.50
1.3 1.0 55.10
1.4 1.0 61.69
1.0 1.1 29.33
1.1 1.1 35.32
1.2 1.1 41.31
1.3 1.1 47.31
1.4 1.1 53.30
1.0 1.2 24.34
1.1 1.2 29.83
1.2 1.2 35.32
1.3 1.2 40.81
1.4 1.2 46.31
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Figure 4.15 Thermal stability factor dependence on critical switching current density as 
a function of saturation magnetization.  
 
 
4.6.2. Magnetic Parameter Dependence on Disturb Strength 
Figure 4.16 shows the anisotropy coefficient Ku dependence on disturb strength 
in unselected cell as a function of saturation magnetization Ms. Disturb strength have a 
decreasing tendency with an increase in Ku. In addition, it can be seen that the disturb 
strength decreases with a decrease in Ms. These results indicates that the increasing of Δ 
is significant factor for suppressing the disturbance in unselected cell due to interference 
effect. 
Then consideration of the sensitivity of magnetic parameters is described. As 
mentioned in section 3.3.2, stray field due to magnetic dipole |Hstray| = MsV/4πμ0S
3 
is 
significant factor for considering interference phenomenon. This magnetic field is a 
factor that causes disturbance due to interference effect. On the other hand, the effective 
anisotropy field Hk,eff in p-MTJ is a factor that suppress disturbance due to interference 
effect as the previous result shows. Therefore, by taking the ratio of these magnetic 
fields Hstray/Hk,eff, I consider the dependence of the magnetic parameters on the 
disturbance. 
 
30
25
20
15
10
5
0
6050403020100
 Ms=1.0
 Ms=1.1
 Ms=1.2
 Ms=1.3
 Ms=1.4
 Ms=1.5
Thermal Stability Δ = E/kBT
p
-M
T
J
 s
w
it
c
h
in
g
 c
ri
ti
c
a
l 
c
u
rr
e
n
t
d
e
n
s
it
y
 J
c
0
 [M
A
/c
m
2
] 
93 
𝐇𝐬𝐭𝐫𝐚𝐲
𝐇𝐤,𝐞𝐟𝐟
=
𝐌𝐬𝐕/𝟒𝛑𝝁𝟎 𝒓
𝟑 
 (
𝟐𝑲𝒖
𝑴𝒔
−
𝑵𝑴𝒔
𝝁𝟎
)
=
𝑽
𝟒𝛑𝝁𝟎 𝒓𝟑 
𝑴𝒔
 (
𝟐𝑲𝒖
𝑴𝒔
−
𝑵𝑴𝒔
𝝁𝟎
)
∝
𝟏
𝟏
𝑴𝒔
(
𝟐𝑲𝒖
𝑴𝒔
−
𝑵𝑴𝒔
𝝁𝟎
)
=
𝟏
𝟏
𝑴𝒔
(
𝟐𝑲𝒖
𝑴𝒔
−
𝑵𝑴𝒔
𝝁𝟎
)
=
𝝁𝟎
𝟐𝑲𝒖
𝑴𝒔𝟐
𝝁𝟎
− 𝑵
      (𝟒. 𝟔) 
 
Here, introducing to the variable x = 2Ku/(Ms
2/μ0) and function f(x) = Hstray/Hk,eff, The 
magnetic field ratio can be written by the following equation, 
 
𝐇𝐬𝐭𝐫𝐚𝐲
𝐇𝐤,𝐞𝐟𝐟
= 𝒇(𝒙) =
𝑽
𝟒𝛑𝐫𝟑
𝟏
𝒙 − 𝑵
,  (𝐱 =
𝟐𝑲𝒖
𝑴𝒔𝟐𝝁𝟎
)    (𝟒. 𝟕) 
 
Here, the demagnetizing field coefficient N is calculated from the shape of the p-MTJ 
element used in this simulation (d = 10 nm, tF = 2.2 nm), N = 0.72. From the above, the 
plot of f(x) is shown in Fig. 4.17. And disturb strength has a linear relationship with f(x) 
as shown in Fig. 4.18. From this result, It is clarify that disturb strength has a sensitivity 
to x = 2Ku/(Ms
2/μ0) and f(x) = Hstray/Hk,eff. 
Then, results on other magnetic parameter dependence on disturb strength are 
shown. Figure 4.19 shows the exchange stiffness Aij dependence on disturb strength in 
unselected cells when J=15 MA/cm
2
 in each case of Aij = 1.0, 1.9, 3.1 μerg/cm. The 
disturb strength is nearly constant regardless of exchange stiffness Aij, it has no 
dependency on Aij.  
Next, I should consider about the damping factor dependence on disturb strength. 
If the damping factor increases, it is conceivable that the modulation effect of damping 
increases as described in chapter 3. Also, damping factor has dependency on the 
switching critical switching current as follows, 
 
𝑰𝒄𝟎 =
𝜶
𝜼
(
𝟐𝒆
ℏ
)𝑯𝒆𝒇𝒇𝑴𝒔𝑽    (𝟒. 𝟖) 
 
Here, η, ℏ, Heff, and V indicates spin transfer torque efficiency, Planck’s constant, 
effective field, and volume, respectively. Figure 4.20 shows the damping factor α 
dependence on switching critical current density in stand-alone p-MTJ cell. in this study, 
as the same comparison condition, the switching current density value is set to 
94 
J = 1.5 Jc0. Figure 4.21 shows the damping factor α dependence on disturb strength in 
unselected cell when J = 1.5Jc0. Disturb strength linearly decreases with an increase in 
αas shown in Fig. 4.21. It is considered that inter-cell interference effect becomes small 
because damping modulation effect increases due to increase damping factor in 
unselected cells. On the other hand, from the view point from power consumption by 
write current, it is not sufficient to increase the damping constant for suppressing the 
disturbance. For example, if damping factor α set to 0.015 for suppressing disturbance 
in unselected cell, the write current requires about 30 MA/cm
2
 or above. In the case of 
α = 0.005, disturbance is suppressed since inter-cell interference effect becomes 
negligibly small due to the magnetization reversal occurs so fast even when the 
switching current density value is less than the J = 30 MA/cm
2 
as shown in previous 
section.  
 
 
Figure 4.16 Anisotropy coefficient Ku dependence on disturb strength in unselected cell 
as a function of Ms. 
 
 
0.7
0.6
0.5
0.4
0.3
0.2
0.1
0.0
1.51.41.31.21.11.00.9
 'Ms=1.0'
 'Ms=1.1'
 'Ms=1.2'
 'Ms=1.3'
 'Ms=1.4'
 'Ms=1.5'
Anisotropy Coefficient [MJ/m3]
D
is
tu
rb
 s
tr
e
n
g
th
 [
a
.u
.]
95 
 
Figure 4.17 Plot of function of magnetic field ratio f (x) = Hstray/Hk,eff . 
 
 
Figure 4.18 Fitting of disturb strength by using fitting function f(x). 
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Figure 4.19 Exchange stiffness Aij dependence on disturb strength in unselected cells 
when J=15 MA/cm
2
. 
 
 
Figure 4.20 Damping factor α dependence on switching critical current density in 
stand-alone p-MTJ cell. 
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Figure 4.21 Damping factor α dependence on disturb strength in unselected cell when 
J = 1.5Jc0. 
 
 
 
4.6.3. Magnetic Parameter Dependence on Switching Delay 
In this section, magnetic parameter dependence on disturb strength is described. 
As mention in section 4.6.1, both thermal stability Δ and switching critical current 
density Jc0 depends on the magnetic parameter, it is impossible to compare the switching 
time with the same current.  
Therefore, using Jc0 of stand-alone p-MTJ of each magnetic parameter was 
calculated as shown in Fig. 4.15, calculate the switching characteristics of program cell 
in p-MTJ array when J = 1.3 Jc0, J = 1.5 Jc0. and the switching delay time. The magnetic 
parameters dependence on the switching delay time when J = 1.3 Jc0 and J = 1.5 Jc0 are 
displayed on Fig. 4.22 and Fig. 4.23, respectively. 
In the case of J = 1.3 Jc0, the current density is low to suppress the switching 
delay in most conditions, so switching delay over 5 ns occurs. On the other hand, in the 
region where Ms < 1.1 T or less, almost no switching delay occurs, so magnetization of 
program cell in p-MTJ array is performed at the same switching speed as stand-alone 
p-MTJ during magnetization reversal process. This result indicates that the effect due to 
inter-cell interference can be negligibly small under these magnetic parameter 
conditions. Also in the case of J = 1.5 Jc0, the current density becomes large to suppress 
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the switching delay, switching delay can be suppressed under 5 ns in most condition. 
However, switching delay is still over 5 ns in the region where Ms > 1.4 T and 
Ku < 1.2 MJ/m
3
. These results indicate that suppressing saturation magnetization Ms is 
effective for suppressing switching delay. 
One of the techniques for decreasing saturation magnetization Ms is increasing 
the boron concentration in CoFeB layer. Previous study [10] reported the latest 
annealing temperature Ta and boron concentration dependence of saturation 
magnetization for single CoFeB–MgO interface and double CoFeB–MgO interfaces. 
From this study, adopting double CoFeB–MgO interfaces and 35% boron concentration 
can realize the suppression of saturation magnetization less than 1.0 T.  
 
Figure 4.22 Magnetic parameter dependence on switching delay when J = 1.3 Jc0. 
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Figure 4.23 Magnetic parameter dependence on switching delay when J = 1.5 Jc0. 
 
4.6.4. Array Design Guideline for p-MTJ Array Scalability 
In this section, we discuss the array design guideline for realizing p-MTJ scaling 
and high density STT-MRAM cell. As mention in this chapter, inter-cell interference 
becomes serious problem as p-MTJ scaling progresses. In particular, it should be noted 
that error operation induced by disturbance due to interference phenomenon. Disturb 
strength has dependency on the magnetic stray field which can be described as magnetic 
dipole approximation. Firstly, I consider the stray field in the case of  the highest 
density 4F
2
 with p-MTJ scaling. 
Figure 4.24 shows the stray field from 1 cell in 4 F
2 
p-MTJ array cell. Here, 
stray field is calculated with the decrease of the array space distance between 
cell-to-cell and the decrease of the volume of p-MTJ taking into account. From this 
result and Fig. 3.8, we approximately calculated the disturb strength with p-MTJ scaling 
and estimate the scaling limit in in 4 F
2
 p-MTJ array cell. Figure 4.25 shows the 
approximately calculated the disturb strength. Due to disturb strength defined as the 
magnetization precession amplitude, the maximum value of the disturb strength is 2.0. 
If it exceeds that value, magnetization in unselected cell was reversed and error writing 
operation caused by interference effect will occur. From the calculation result in 
Fig. 4.25, it can be predicted that scaling is possible until the 4 nm generation since 
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error operation does not occur. Moreover, interference phenomenon will strongly appear 
in 10 nm or below generation. CoFeB/MgO based p-MTJ is predicted to reach its limit 
at the 4 nm, in order to challenge the limit of high density and small cell size, we should 
change the magnetic parameter for suppressing interference effect. The most useful 
approach for that is to suppress the saturation magnetization Ms, which determines the 
strength of stray field. Figure 4.26 shows the approximately calculated the disturb 
strength in 4 F
2
 p-MTJ array cell when saturation magnetization Ms = 1.0, 1.2, 1.58, 
respectively. Disturb strength is suppressed to less than half of the value with an 
increase in the saturation magnetization Ms from 1.58 to 1.0. Since the limit of 
miniaturization of the element size of p-MTJ is also approaching, this guideline is 
important for further extending the scalability of the p-MTJ array. 
On the other hand, there are no substitute materials for CoFeB/MgO p-MTJ to aim for 
mass production of STT-MRAM because process integrity of MRAM manufacturing is 
good. Therefore, we should consider the guideline for suppressing interference effect in 
the CoFeB based p-MTJ array. Assuming that the magnetic material parameter is 
constant, there is a limit to high integration. It is better to search for an optimum design 
from the balance sheet between switching current and array space. For example, in an 
area requiring high speed operation like embedded memory for cache, it is possible to 
suppress inter-cell interference while preventing an increase in write current by setting a 
sufficient array space. Interference effect increases proportional to the inverse of cube 
of array space S, setting a sufficient array space is most effective means. In other case, 
in an area requiring high density likes an stand-alone memory such as DRAM, it is 
difficult to take the array space to increase the memory capacity. Therefore, it is most 
important to set the write current to be sufficiently large. DRAMs require the switching 
speeds on order of several tens nanoseconds, it is most effective to apply a large 
switching current that is sufficient to neglect interference phenomenon. For that purpose, 
it is necessary to develop a new technology for suppressing power consumption even 
when large current flows such as low RA elements or high current drive MOSFET. In 
10 nm p-MTJ generation, it is necessary to drive with a current of 30 μA or more. In 
the current technical situation, assuming that the breakdown voltage is 1.5 V, the RA 
value of the p-MTJ require to suppress 3.93 Ω・μm2 or below in current MgO 
publication base .  
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Figure 4.24 Stray field from 1 cell in 4F
2
 p-MTJ array cell in each p-MTJ generation  
 
 
Figure 4.25 Approximately calculated the disturb strength in 4F
2
 p-MTJ array cell 
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Figure 4.26 Approximately calculated the disturb strength in 4F
2
 p-MTJ array cell in 
each saturation magnetization Ms. 
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4.7. Conclusion 
In this study, we investigated the array space and switching current density 
dependence of switching delay in p-MTJs in array using LLG micromagnetic simulation. 
First, it is shown that the switching delay occurred in programing cell in p-MTJ array by 
inter-cell interference. Next, critical switching current density Jc0 of p-MTJs in p-MTJ 
arrays increases by 21.3% with decrease of array space less than 15 nm. Next, the model 
of the origin of switching delay due to interference and switching current dependency 
on switching delay are illustrated. Finally, we show that in the case of the p-MTJ 
switched with J of about 10 MA/cm
2
, it's necessary to set S to more than 15 nm to 
achieve less than 3 ns of delay time, which corresponds to MRAM cell size of 6.25 F
2
.  
Finally, magnetic parameter dependence on disturb and switching delay is 
described. Disturb strength has a sensitivity to x = 2Ku/(Ms
2/μ0) and f(x) = Hstray/Hk,eff. 
The suppressing saturation magnetization Ms less than 1.3 T is effective for suppressing 
switching delay less than 3 ns with J = 1.5Jc0. Finally, we show the array design 
guideline for each application and discuss the means to breakdown the scaling limit of 
p-MTJ array.  
These results are useful knowledges for array design for realizing STT-MRAM with 
high density cell array and giga-bit class large capacity. 
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Chapter 5  
Conclusions 
In chapter 1, the background of STT-MRAM and the principle of p-MTJ are 
overviewed and the objective of this thesis is described.  
In chapter 2, switching transient characteristics in stand-alone p-MTJ is 
described. Firstly, the size dependence on switching transient characteristics in p-MTJ 
and the difference between spin dynamics in macro spin theory case and sub-volume 
excitation case are described. Then, we mentioned the domain wall motion the 
significant physics phenomenon for switching transient characteristics, and show the 
effect of domain wall pinning phenomenon on switching transient characteristics. We 
show the time evolutional magnetization dynamics and energy change in magnetization 
reversal process in p-MTJ with pinning notch. Moreover, it is found that the exchange 
coupling field and demagnetization field are prevented the magnetization reversal in the 
area of pinning notch.  
In chapter 3, the model of inter-cell interference in p-MTJ array is described. 
Magnetization reversal process is divided into four periods. Firstly, we show the 
switching characteristics in p-MTJ array. During interference period, inter-cell 
interference between the program cell and un-selected cells was observed and 
magnetization precession was excited in un-selected cells even where no programing 
current passes through. Moreover, this interference causes programing delay. Inter-cell 
interference effect due to oscillatory stray field from the program cell also brought 
about ferromagnetic resonance in the un-selected cells. During interference period, the 
precession frequency of the program cell synchronizes with that of the un-selected cells.  
The precession amplitude of the un-selected cells decreased inversely proportional to 
the cube of distance from the program cell, which is in good agreement with the 
dependence of stray field on distance from the program cell calculated by dipole 
approximation method. Finally, we show phase map of interference effect, and it is 
clarified that the impact of dmz/dt modulation on switching delay which induce 
switching delay in programing cell and disturb un-selected cells during interference 
period.  
In chapter 4, array space and switching current density dependence of switching 
delay in p-MTJs in array is described. Firstly, it is shown that the switching delay 
occurred in programing cell in p-MTJ array by inter-cell interference. Next, critical 
switching current density Jc0 of p-MTJs in p-MTJ arrays 21.3% increases with a 
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decrease array space less than 15 nm. Next, the model of the origin of switching delay 
due to interference and switching current dependency on switching delay are illustrated. 
Finally, we show that in the case of the p-MTJ switched with J of about 10 MA/cm
2
, it's 
necessary to set S to more than 15 nm to achieve less than 3 ns of delay time, which 
corresponds to MRAM cell size of 6.25 F
2
. Finally, magnetic parameter dependence on 
disturb and switching delay is described. Disturb strength has a sensitivity to 
x = 2Ku/(Ms
2/μ0) and f(x) = Hstray/Hk,eff, and suppressing saturation magnetization Ms 
less than 1.3 T is effective for suppressing switching delay less than 3 ns with J = 1.5Jc0. 
From the above, we have clarified the following points for STT-MRAM as the 
next generation nonvolatile working memory in this research, 
(1) Inter-cell interference phenomena occurring in p-MTJ array by 
micro-magnetic simulation and switching transient characteristics. 
(2) The p-MTJ array design guidelines to suppress the switching delay caused 
by intercell interference phenomenon,  
(3) Basic data and the first model on structural design of the domain wall 
pinning phenomenon in switching characteristics of STT-MTJ. 
We showed design guidelines for realizing STT-MRAM which realizes higher 
density and higher speed operation than conventional working memory by p-MTJ array 
design proposed by elucidation of physical phenomena. 
This research shows the feasibility of high-density and high-speed operation of 
STT-MRAM as next-generation working memory and showed that can break down the 
limit of working memory. 
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